Understanding 16S ribosomal RNA conformational changes during 30S subunit assembly by Holmes, Kristi L.
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2005
Understanding 16S ribosomal RNA
conformational changes during 30S subunit
assembly
Kristi L. Holmes
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biochemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Holmes, Kristi L., "Understanding 16S ribosomal RNA conformational changes during 30S subunit assembly " (2005). Retrospective
Theses and Dissertations. 1563.
https://lib.dr.iastate.edu/rtd/1563
NOTE TO USERS 
This reproduction is the best copy available. 
® 
UMI 

Understanding 16S ribosomal RNA conformational changes 
during 30S subunit assembly 
by 
Kristi L. Holmes 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Major: Biochemistry 
Program of Study Committee: 
Gloria M. Culver, Major Professor 
Amy Andreotti 
Drena Dobbs 
Mark Hargrove 
W. Allen Miller 
Iowa State University 
Ames, Iowa 
2005 
UMI Number: 3184621 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
UMI 
UMI Microform 3184621 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
ii 
Graduate College 
Iowa State University 
This is to certify that the doctoral dissertation of 
Kristi L. Holmes 
has met the dissertation requirements of Iowa State University 
Major Professor 
For the MajonProgram 
Signature was redacted for privacy.
Signature was redacted for privacy.
iii 
I am among those who think that science has great beauty. 
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ABSTRACT 
The purpose of this course of study is to understand the conformational changes that 
occur in 16S rRNA during ribosomal assembly. The prokaryotic ribosome comprises two 
asymmetric subunits, the large (50S) and small (30S) subunits. The 30S subunit contains 
16S rRNA and the small ribosomal proteins (S1-S21). Functional 30S ribosomal subunits 
can be reconstituted in vitro from purified components. Reconstitution performed at low 
temperatures results in a stall in 30S subunit assembly. This stall produces a Reconstitution 
Intermediate (RI) which sediments at 21S and contains 16S rRNA and a subset of small 
subunit proteins. In order for RI to be converted into functional 30S subunits, a temperature 
shift is first required. This shift produces a particle, RI*, with the same composition as RI, 
yet a dramatically different sedimentation coefficient (26S). RI* can then go on to bind the 
remaining small subunit proteins, ultimately resulting in functional 30S subunit formation. 
To better understand the nature of these assembly transitions and thus small subunit 
assembly, changes in reactivity of each nucleotide during the course of assembly was 
monitored. The changes in reactivity of nucleotides in 16S rRNA between each of the 
assembly species (16S, RI, RI* and 30S) were analyzed in the context of the 30S subunit 
structure and previous biochemical studies to better understand the relationship between 
ribosomal assembly and function. 
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CHAPTER 1: GENERAL INTRODUCTION 
The structure-function relationship 
Throughout biological systems, at all levels of complexity, an intimate relationship 
exists between structure and function. From the conformation of an individual protein to the 
organization of cells into tissues and systems, correct structural integrity must be maintained 
or often a disease state or cell death follows. The structure-function relationship in the 
ribosome is no different. For years, it has been known that the ribosome is responsible for the 
synthesis of proteins in all living cells. Structure and function studies have shed light on 
some of the more intriguing nuances of the macromolecular assemblage of the ribosome, 
suggesting that there is a complex orchestration of proteins and RNA which associate in a 
purposeful manner to form a complex capable of mediating the complex task of protein 
synthesis. What has remained elusive, even after the recent determination of crystal 
structures of the ribosome, is the exact process by which this occurs. Structural data and 
biochemical studies have offered many clues toward understanding the translational process 
as a whole, such as how peptide synthesis may occur and has provided insights into other 
ribosome queries, such as how the ribosome is able to maintain the fidelity of the transcript 
and how the prokaryotic ribosome is a prime target for many of the antibiotics used by 
clinicians today. Even though incredible advancements toward understanding ribosomal 
structure and function have been made, the ribosome has many more secrets waiting to be 
uncovered. 
2 
The Escherichia coli ribosome 
The prokaryotic ribosome is a 2.5 MDa ribonucleoprotein (RNP) complex made of 
two asymmetric subunits, each of which is a complex of ribosomal RNA (rRNA) and 
ribosomal proteins (r-proteins) (Fig. la). There are approximately 20,000 ribosomes in a 
typical prokaryotic cell. This means that ribosomes account for an overwhelming 20% of the 
mass of a prokaryotic cell. The large subunit, or 5OS subunit, is 1,590 KDa and contains 
thirty-one proteins and two RNA molecules (5S and 23S rRNA). The small subunit, or 30S 
subunit, is 930 KDa and contains 21 unique proteins and 16S rRNA. The catalytic function 
of peptide bond formation lies within the large (50S) subunit while the small (30S) subunit is 
responsible for decoding genetic information. The two subunits (30S and 50S) associate 
during protein synthesis to form a complete 70S ribosome (Fig. lb). The two ribosomal 
subunits are distinct entities that together form the complete protein-synthesizing machine. 
Together, the rRNAs and r-proteins associate in a specific manner to form the unique 
structural characteristics of the subunits that enable their functionality. The ribosomal RNAs 
contained in the two subunits (16S rRNA in the 30S subunit and 5S and 23S rRNAs in the 
50S subunit) originate from a single precursor RNA transcript, which is processed into the 
individual rRNAs. There is extensive hydrogen bonding in the form of base pairing and other 
interactions in ribosomal RNA, contributing to the highly helical and structured framework 
of rRNA. Comparative sequence analysis of rRNAs indicates that sequences from individual 
rRNA are similar not only across species but even across kingdoms1. Several nucleotides are 
universally conserved in rRNAs and these positions most often help to form functionally 
significant regions of the ribosome. The proteins of the two subunits are many different sizes 
and structures and each of these r-proteins has a specific role that contributes toward 
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function, stabilizing the structure, or even toward promoting assembly. The E. coli ribosome 
has served as the model for many investigations toward understanding ribosomal structure 
and function for many years. There is great morphological as well as sequence similarity 
between the eukaryotic and prokaryotic ribosomes and thus, much of what is learned about 
the prokaryotic complex sheds light upon the workings of the more complex eukaryotic 
structure. 
The small ribosomal subunit 
The small ribosomal subunit, or 30S subunit, consists of 16S rRNA and 21 unique r-
proteins (S1-S21) (Fig. 2a, 2b). The 30S subunit plays its major role in ensuring fidelity 
during translation. The 30S subunit is able to make certain that the appropriate aminoacylated 
transfer RNA (tRNA) is brought to a specific codon in the messenger RNA (mRNA) by 
monitoring codon-anticodon base pairing during the decoding process. 
16S rRNA contains four basic structural domains: 5', central, 3' major and 3' minor 
domains (Fig. 3a). These individual domains fold independently of each other to form the 
major structural units of the 30S subunit: the body, platform, head, and penultimate stem, 
respectively2 (Fig. 3b). 16S rRNA not only serves as a scaffold on which to build the 
functional small ribosomal subunit, but it also provides binding sites for functional ligands 
that are critical during the translation process. 
Ribosomal proteins bind to 16S rRNA in a highly cooperative manner to form the 
complete 30S subunit. The r-proteins, like 16S rRNA, serve a structural role for the small 
subunit. Ribosomal proteins help to stabilize the conformation of 16S rRNA as well as aiding 
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in conformational changes which are important during specific stages of translation. Some r-
proteins have been implicated in regulatory events3 while others have been attributed with 
nucleation of 30S subunit assembly4. Recently it was proposed that the organization of three 
r-proteins (S3, S4, and S5) as they form the downstream tunnel, which encases the mRNA in 
the small subunit, may have a functional role, as well. It has been it has been suggested that 
together (S3 in the head and S4 and S5 in the body) these proteins may form an mRNA 
helicase5'6. 
The primary function of the small subunit is to bind mRNA and participate in the 
fidelity of translation by monitoring codon-anticodon base pairing between mRNA and 
tRNA. The small subunit also interacts with other significant ligands such as initiation factors 
(IF) and the 50S subunit. The 30S subunit is responsible for interacting with these ligands in 
a meaningful way to ensure fidelity during the translational process. These interactions 
emphasize the critical role that the small subunit plays in translational accuracy. The 
important functional roles of the small subunit are directly attributable to structural 
characteristics of the 30S subunit. 
Ribosomal reconstitution 
The prokaryotic ribosome has been the target for assembly studies for decades. For 
over 40 years, the field has worked toward a better grasp of the r-RNA and r-proteins and 
how they work together to form a functional complex. Researchers have made huge strides 
toward understanding this assembly process. Cesium chloride ultracentrifugation 
experiments performed in the I960's led researchers to observe that certain proteins would 
be "stripped off' leaving behind a core particle. Upon the removal of cesium chloride from 
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the mixture and addition of these stripped proteins back to the core particles, either of the 
subunits was able to be reconstituted7. These particles demonstrated the functional integrity 
of the subunits and this set of experiments paved the way for ribosomal reconstitution to be 
studied in depth. The observation that ribosomes could be reconstituted in vitro was a 
significant development in the field for a couple of reasons. First, the observation that 
ribosomal reconstitution was, at least partly, spontaneous suggested that there was an 
underlying orchestration of r-proteins associating with the assembling particle. Additionally, 
these early in vitro reconstitution experiments provided a way to examine the subunit 
components both individually and as a whole8. 
Both the large and small bacterial ribosomal subunits have proven amenable to 
reconstitution, although reconstitution of the 50S subunit has proven more challenging. 
Appropriate reconstitution of the 23S and 5S rRNA with the large ribosomal proteins to form 
the large ribosomal subunit is highly dependent on a two-stage reconstitution protocol with 
differing temperatures and Mg2+ concentrations9. The two-step reconstitution with differing 
ionic conditions and temperatures is essential for correct formation of specific structural 
regions of the large subunit10. 
30S subunit reconstitution 
About thirty-five years ago, Nomura's lab demonstrated that functional small 
ribosomal subunits could be reconstituted in vitro using natural 16S rRNA and a complete 
mixture of the r-proteins, TP30 (for Total Proteins of the 30S subunit)11. It was later shown 
that functional 30S subunits could be reconstituted using natural 16S rRNA and purified 
natural ribosomal proteins12. More recently, it was observed that individually purified 
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recombinant ribosomal proteins and natural 16S rRNA could be used as an in vitro 
reconstitution system13'14, with the reconstituted subunits exhibiting similar physical and 
functional properties as natural subunits formed in vivo. The in vitro reconstitution of 30S 
subunits is a relatively straightforward one-step process, compared to the two-step in vitro 
reconstitution procedure of the 50S subunit. 
30S subunit assembly 
Early reconstitution studies of 30S subunits enabled the determination of an in vitro assembly 
map (Fig. 4) which displays the cooperative and hierarchical nature of 30S assembly12'15. 
Recent work has further elucidated the assembly relationships of ribosomal proteins in the in 
vitro assembly map and this work is ongoing16. Work in the Nomura lab allowed the 
ribosomal proteins to be classified into three major categories: primary, secondary, and 
tertiary binding proteins12. The primary binding proteins are able to bind directly and 
independently to 16S rRNA. The secondary binding proteins require the presence of at lease 
one of the primary binding proteins, in addition to 16S rRNA before they can bind to the 
assembling RNP. The tertiary binding proteins require the prior association of at least one 
primary protein and one secondary protein with 16S rRNA before they can bind to the 
particle. The map also illustrates the basic structural domains of the 30S subunit during 
assembly (Fig. 4). The major structural elements of the 30S subunit (platform, body, and 
head) are defined by the folding of 16S rRNA into distinct structural regions. 
Studies have revealed that in vitro 30S subunit assembly can occur in three distinct 
steps17'18 (Fig. 5). The combination of 16S rRNA and a subset of r-proteins at low 
temperatures results in a stall in assembly that leads to the formation of an intermediate (Fig. 
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5a). This Reconstitution Intermediate (RI) sediments at 2IS and is not competent to further 
assemble. RI becomes activated (designated by RI*) by incubation at elevated temperatures 
(42°C) (Fig. 5b). This heat activation causes a conformational change in the particle, which is 
revealed by the significant change in its sedimentation coefficient from 21S to 26S with no 
significant addition of mass to the particle. This activation step allows assembly to proceed. 
After activation, the remaining r-proteins are able to bind to the RNP and form functional 
30S subunits (Fig. 5c). RI particles isolated in vitro17'18 resemble in vivo intermediates 
observed under various conditions19"22. This suggests that these intermediate particles are true 
representatives of the assembly pathway and are not merely experimental artifacts. 
In the early 1980's, Tam and Hill set out to characterize the RI and RI* species. 
Physical properties such as sedimentation, diffusion, and extinction coefficients were 
examined as well as density increments and molecular weights of the complexes23. While this 
work was able to offer evidence that a conformational change likely occurs during heat 
activation of a 16S rRNA-RNP, the particles examined likely were not the authentic 
intermediate species RI and RI*. The greatest evidence for this is the altered protein 
complement of the two particles in the Hill study compared to that which had been observed 
by work in the Nomura lab17. For example, one-third of the r-proteins (S6, Sll, S18, S19, 
S 20) that should be present on the RI and RI* species were not present on the particles 
characterized by Hill. The absence of these proteins is troublesome and is likely a result of 
non-standard reconstitution conditions as well as intense purification of these particles before 
characterization. The results obtained from the biophysical characterization are intriguing, in 
that they suggest that the heat activation step results in large conformational changes and an 
overall compaction of the RNP. While the results of this study may be useful for 
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understanding RNP architecture and assembly in general, these results do not give a 
definitive examination of RI and RI* and thus further investigation toward understanding 
conformational changes that occur during 30S subunit assembly is warranted. 
Crystallographic structures of ribosomes 
Crystallographic advancements allowing structural determination of ribosomes and 
ribosomal subunits complexed with functional ligands such as mRNA, tRNA, initiation 
factors, elongation factors, and antibiotics have been quite significant over the past few years 
[see 24 for a review]. These studies have given researchers a better appreciation of ribosomal 
architecture and have offered amazing glimpses of the structural details of the ribosome. 
Each of the individual subunits has been crystallized (Fig. la, 2b) along with the complete 
70S (Fig. lb) ribosome and with functional ligands. Although this field has made some 
unprecedented strides, there is still a wealth of information yet to learn about the ribosome. 
While crystallography has provided structural characterizations of static end structures, 
specific conformational changes that occur as a result of assembly are not possible to 
visualize using this technique due problems with heterogeneity of the experimental sample as 
well as problems with stability of the intermediate populations. The process of 30S subunit 
assembly requires the use of other experimental approaches to fully appreciate its dynamic 
nature. 
Chemical probing and primer extension analysis of ribosomal complexes 
Chemical probing and primer extension analysis have proven to be powerful 
techniques for investigating conformational changes of nucleic acids25,26 and have been 
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widely used for determination of the secondary structure of rRNA27. This technique allows a 
nucleotide-level investigation of the reactivity of practically each residue in rRNA, enabling 
a thorough investigation of secondary structure features as well as changes that occur as a 
result of dynamic processes such as assembly. 
Specific atomic positions on each base are reactive to particular chemical probes and 
therefore can serve as an excellent way to monitor which nucleotides are involved in base 
pairing or tertiary interactions as well as monitoring those residues that may be buried within 
the structure. Quite simply, base-specific probes monitor the status of the base in relation to 
the rest of the structure. Several chemical probes have been used to examine rRNA structure. 
Dimethyl sulfate (DMS) and kethoxal are two base-specific probes. DMS methylates the N-l 
position of adenine and the N-3 position of cytosine. Kethoxal modifies guanine at the N-l 
position and at the exocyclic amine of C-2 to form a cyclic adduct on the base. 
Conversely, the lack of specificity of hydroxyl radicals in RNA has made this a very 
powerful probing technique, as well. Hydroxyl radical probing has proven to be invaluable 
for determining specific interactions of r-proteins with 16S rRNA28. Hydroxyl radicals cleave 
the sugar-phosphate backbone of the rRNA. This hydroxyl radical probing yields information 
about the presence of r-proteins on the rRNA and other tertiary interactions which may be 
involved in protecting the backbone from chemical attack. Hydroxyl radical probes are 
particularly useful because of their small size and lack of sequence specificity. These 
characteristics allow the probe to diffuse into structural regions which might otherwise be 
unreachable with a base-specific probe. 
Primer extension (Fig. 6) is the process by which a complimentary DNA (cDNA) of 
the RNA molecule of interest is made. This reaction is catalyzed by the enzyme reverse 
transcriptase and uses the RNA as a template to make the cDNA. The reverse transcriptase is 
able to incorporate a corresponding dNTP to the sequence contained in the RNA until a 
modified nucleotide is encountered. The enzyme is unable to proceed and the transcription of 
the cDNA molecule stalls, creating a "stop". This "stop" can be seen once the extension is 
complete and the samples are run on a denaturing sequencing gel. The reactivity of almost 
every nucleotide can be monitored by this technique. The decrease in reactivity of a specific 
nucleotide from the chemical probe is called a protection and the increase in reactivity is 
called an enhancement. Protections of nucleotides from a chemical probe may be due to 
altered binding of a r-protein at a particular site or a conformational change in the rRNA. 
Enhancements are most easily attributable to conformational changes in the rRNA as the 
particle assembles. Chemical probing and primer extension are particularly powerful means 
of examining the secondary as well as tertiary structure of RNA. 
Chemical modification and primer extension analysis have been applied in the 
following study to understand conformational changes in 16S rRNA as the 30S ribosomal 
subunit assembles. Different RNPs were made using natural 16S rRNA and recombinant r-
proteins. By examining structural differences between the different species, we were able to 
obtain a better understanding of specific conformational changes that occur in 16S rRNA 
during the assembly process. The following study is a detailed analysis of these changes and 
represents a significant advancement toward understanding the dynamic events that occur 
during 30S subunit assembly. 
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Dissertation Organization 
Chapter one offers a general introduction to the small ribosomal subunit and small 
subunit assembly. Chapter two discusses the RI to RI* transition and has been published in 
Nature Structure and Molecular Biology. A detailed analysis of the changes which occur 
during the early and late stages of assembly are presented in chapter three and these results 
have been submitted to Journal of Molecular Biology. Finally, chapter four provides a 
summary of results and suggests future directions for the project. 
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Figure 1. The structure of the T. thermophilus 70S ribosome. 
a) Interface views of the large (left) and small (right) ribosomal subunits of the 70S 
ribosome show the positioning of tRNA29. In the large subunit, 23S rRNA is shown in 
grey, 5S rRNA is shown in blue, and the r-proteins are shown in purple. In the small 
subunit, 16S rRNA is shown in cyan with the 30S r-proteins depicted in dark blue. A, 
P, and E-site tRNAs are depicted in red, orange and gold, respectively. 
b) View of the complete 70S ribosome complexed with tRNA29. The 30S subunit is 
shown on the left and the 50S on the right of the structure. Coloring is as listed above. 
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Figure 2. The structure of the T. thermophilus 30S ribosomal subunit. 
Interface (left) and solvent (right) views of the 30S ribosomal subunit30. 16S rRNA is shown 
in grey while the individual r-proteins are shown in different colors and labeled accordingly. 
Distinct structural domains (head, body and platform) and morphological features (beak, 
shoulder, spur, and neck) are indicated. 
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Figure 3. Structural domain composition of 16S rRNA within the 30S subunit. 
a) The 5', central, 3' major and 3' minor domains of 16S rRNA from the 
T. thermophilic the 30S subunit structure30. 
b) The domains of the secondary structure can fold independently of each other to form 
distinct three-dimensional structural domains within the 30S subunit. The 5'domain 
folds to form the body, the central domain folds to form the platform, the 3' major 
domain folds to form the head and the 3' minor domain folds to form the penultimate 
stem (shown in red, green, blue and yellow, respectively). 
Central domain 
3* major domain 
5' domain 
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Figure 4. In vitro assembly of 30S ribosomal subunits. 
Modified in vitro 30S subunit assembly map. 16S rRNA is represented by a rectangle and 
arrows indicate interactions between 16S rRNA and r-proteins. Primary, secondary and 
tertiary binding proteins are shown in black, gray and white, respectively. S6 and S18 are 
enclosed in a box to indicate that they bind cooperatively as a heterodimer. The areas shaded 
red, green and blue indicate those proteins found in the, body, platform and head of the 30S 
subunit, respectively. 
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Figure 5. The three stages of in vitro assembly. 
a) Naked 16S rRNA combines with primary and secondary r-proteins at low 
temperature to form the assembly intermediate RI. RI sediments at 2IS and is not 
able to undergo further assembly. 
b) RI is activated with the addition of heat (designated as RI*). RI* sediments at 26S 
and is now competent for further assembly. The RI to RI* transition represents a large 
conformational change, as indicated by the change in sedimentation coefficients (2IS 
to 26S) with no appreciable addition of mass to the particle. 
c) Upon heat activation (b), tertiary r-proteins are able to associate with RI* to form 
functional 30S subunits. 
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Figure 6. Primer extension analysis of modified nucleotides in RNA. 
a) Schematic depiction of primer extension analysis of unmodified RNA in helical 
(above) and linear (below) form. Guanines in RNA are shown as circled G and the 5' 
and 3' ends of the RNA are labeled accordingly. During transcription of 16S rRNA, a 
17-nucleotide complementary primer (shown as an orange line on the RNA) anneals 
to the RNA and the enzyme reverse transcriptase (indicated by the green RT box) 
catalyzes the extension of the primer to produce a complementary strand of DNA. 
b) When a chemical probe is added to the RNA, certain nucleotides are modified. In this 
example, the probe kethoxal is used to modify guanine. Those guanine residues which 
are available for reacting with the probe are indicated by the cyan ring structure 
which now surrounds the G. Those guanines which were unavailable to the chemical 
probe remain unchanged from panel a. 
c) When a r-protein (shown in red) binds to the RNA prior to the addition of kethoxal, 
two guanines which had been reactive are now protected from the probe by the r-
protein and one guanine which was not reactive in 16S rRNA alone has changed 
conformation to become reactive to the probe, as indicated by the cyan ring structure 
around the G. 
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a 
16S rRNA 16S rRNA + kethoxal 
16S rRNA + r-protein + kethoxal 
5' 
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CHAPTER 2: MAPPING STRUCTURAL DIFFERENCES BETWEEN 
30S RIBOSOMAL SUBUNIT ASSEMBLY INTERMEDIATES 
A paper published inNature Structural and Molecular Biology 2004;ll(2):179-86. 
Kristi L. Holmes and Gloria M. Culver 
SUMMARY 
Under appropriate conditions, functional Escherichia coli 30S ribosomal subunits 
assemble in vitro from purified components. However, at low temperature assembly stalls 
producing an intermediate (RI) which sediments at 21S and is comprised of 16S ribosomal 
RNA (rRNA) and a subset of ribosomal proteins (r-proteins). Incubation of RI at elevated 
temperature produces a particle, RI*, of similar composition yet different sedimentation 
coefficient (26S). Once formed, RI* rapidly associates with the remaining r-proteins 
producing mature 30S subunits. To understand the nature of this RI to RI* transition, changes 
in the reactivity of 16S rRNA between these two states was monitored by chemical 
modification and primer extension analysis. Evaluation of these data using structural and 
biochemical information reveals that many changes are r-protein-dependent and some are 
clustered in functional regions, suggesting this transition represents an important step in 
functional 30S subunit formation. 
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INTRODUCTION 
Approximately thirty-five years ago, it was demonstrated that functional Escherichia 
coli (E. coli) small ribosomal subunits (30S subunits) could be reconstituted in vitro using 
natural 16S rRNA and a complete mixture of the r-proteins (S1-S21), TP301. It was later 
shown that functional 30S subunits could be reconstituted in vitro using natural 16S rRNA 
and individually purified natural2'3 or recombinant4 r-proteins. Thus, this system is well-
suited for studying roles of the small subunit components and 30S subunit assembly. 
Early reconstitution studies of 30S subunits enabled the determination of an in vitro 
30S subunit assembly map (Fig. la). This map reveals the cooperative and hierarchical 
nature of r-protein binding to 16S rRNA2'5. R-proteins can be classified as primary, 
secondary, and tertiary binding proteins. Primary binding proteins bind directly and 
independently to 16S rRNA. Secondary binding proteins minimally require prior 16S rRNA-
association of a primary binding protein before assembling onto the ribonucleoprotein 
particle (RNP). Tertiary binding proteins require at least one primary and secondary binding 
protein to be bound to 16S rRNA before associating with the RNP. The proteins connected in 
prominent assembly branches (Fig. la) correlate well with the proteins that associate with 
distinct structural elements of the 30S subunit (see Fig. 1). 
In addition to the assembly dependencies discussed above, reconstitution studies also 
revealed that in vitro 30S subunit assembly could occur in three steps6,7 (Fig. lc). Incubation 
of 16S rRNA and a complete set of r-proteins at low temperatures (0° to 15°C) results in a 
stall in assembly that leads to the formation of a distinct particle (Fig. lc)6'7. This particle, 
termed Reconstitution Intermediate (RI), sediments at 21S and is not competent for further 
assembly. The primary and secondary binding proteins (Fig. 1), along with 16S rRNA, are 
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components of RI. Upon incubation at elevated temperature (42°C), RI undergoes 
conformational rearrangement which results in a particle, RI*, with a dramatically different 
sedimentation coefficient (26S), although no substantial mass has been added to the particle. 
Once RI* is formed, the remaining proteins, the tertiary binding proteins, associate producing 
functional 30S subunits (Fig. lc). RNPs that are markedly similar to RI have been observed 
in vivo under a variety of conditions8™12, suggesting that these in vitro intermediates are 
similar to those produced in vivo. Hence, understanding the structural differences between RI 
and RI* will reveal important details of 30S subunit assembly. 
One challenge in identifying changes that occur during 30S subunit assembly is the 
dynamic nature of this process. Crystallographic studies have provided structural details of 
mature ribosomes and ribosomal subunits (see13,14 for examples). However, the assembly 
intermediates, particularly RI, are unstable 6,7 and therefore have proven refractory to precise 
structural characterization. To begin to understand structural differences between 30S subunit 
assembly intermediates, RI and RI*, a combination of chemical probing and primer extension 
analysis15,16 was performed. Many nucleotides, seventy, are less reactive in RI* than in RI 
(i.e. protected), while thirty-four are more reactive (i.e. enhanced). A number of the 
protections can be correlated with direct interaction of a subset of r-proteins with 16S rRNA. 
Additionally, some changes correlate with base pairing within 16S rRNA. Some of the 
protections which likely result from base pairing events within 16S rRNA appear to correlate 
with formation of three pseudoknots, which have all been implicated in small subunit 
function17™19. A significant number of changes, both protections and enhancements, can be 
indirectly attributed to r-protein-dependent conformational changes within 16S rRNA that 
occur during this transition. Many of the enhancements in RI* are clustered within the 30S 
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subunit and are concentrated in regions that have previously been implicated in 30S subunit 
function. Other enhanced nucleotides likely associate with the remaining r-proteins during 
the final stage of assembly. Thus it appears that as a result of conformational changes that 
result in the RI to RI* transition, the RNP is poised to proceed to a mature functional state. 
RESULTS 
Formation of RI and RI* complexes 
For this study of 30S subunit assembly, the ability to readily prepare the two 
intermediates, RI and RI*, is critical. Using a subset of the recombinant r-proteins and 
appropriate conditions, pre-30S complexes can be formed. Reconstitution reactions 
performed at low temperature (i.e. 4°C) with 16S rRNA and the primary and secondary 
binding proteins produce RI, which sediments in sucrose gradients as a relatively distinct 
particle (Fig. 2). Incubation of RI at elevated temperature (i.e. 42°C) results in formation of 
RI* which has a distinct sedimentation profile (Fig. 2). These particles cannot assemble to 
mature 30S subunits due to the omission of the tertiary binding proteins. Consequently, this 
system allows the preparation and study of these two assembly intermediates. 
Analysis of 16S rRNA in RI and RI* 
Chemical probing and primer extension analysis allows the reactivity of individual 
nucleotides within different RNPs to be monitored and compared. This comparison can 
reveal changes in RNA folding between different states or complexes. In this study, three 
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chemical probes were used to monitor the accessibility of 16S rRNA nucleotides in both RI 
and RI*. Two of these are base-specific probes (kethoxal which modifies guanines and 
dimethyl sulfate (DMS) which modifies adenines and cytosines), while the third cleaves the 
sugar-phosphate backbone (hydroxyl radicals). Primer extension of 16S rRNA isolated from 
the probed particles (Figs. 3-6) allows identification of nucleotides with altered modification 
patterns by comparison of band intensity. During primer extension, reverse transcriptase 
cannot readily incorporate a residue opposite a site that has been cleaved or modified, 
resulting in a "stop" 3' of the modified site. The changes are generally categorized as strong 
or weak to afford some discrimination between the changes without over-interpretation of the 
data. During our analysis, 16S rRNA and reconstituted 30S subunits were also probed to 
monitor the extent and progression of reactivity changes, however a full discussion of these 
changes is beyond the scope of a single manuscript. To analyze these changes in a structural 
context, the enhancements and protections in RI*, relative to RI, were mapped on the 
secondary structure of 16S rRNA20(Fig. 4-6) and on the three-dimensional structure of 16S 
rRNA from Thermus thermophilus (T. thermophilus) 30S subunits14 (Figs. 4-9). 
Differences in RI relative to RI* 
Since there are many nucleotides with different reactivities between RI and RI*, we 
have dissected them into groups corresponding to changes within the major secondary 
structural domains of 16S rRNA (5', central, and 3' domains; Fig. lb). One hundred and four 
16S rRNA nucleotides with altered reactivity, seventy protections and thirty-four 
enhancements, are observed between RI and RI*. 
The 5' Domain 
The 5' domain of 16S rRNA (helices 1-18) with its associated proteins, folds to form 
the body of the 30S subunit (see Fig. 1), which interacts with several functional ligands 
during the course of translation. Four enhancements occur at two sets of adjacent nucleotides 
following the RI to RI* transition (Fig. 4; Table 1). In each set a strong and weak 
enhancement is observed (Fig. 4). Substantial protections in the 5' domain are seen at six 
nucleotides with weaker protection exhibited at ten nucleotides (Fig. 4) in RI* relative to RI. 
Weak protection from hydroxy! radical cleavage was observed at three different regions 
within the 5' domain in RI* as compared with RI. 
Overall, nineteen protections and four enhancements are observed in this domain 
upon comparison of the reactivity of nucleotides in RI* with those observed in RI. These 
changes are clustered near the top of the body of the 30S subunit (Fig. 4) close to regions 
implicated in 30S subunit function and near the junction where the 3 major domains 
converge (Fig. 7a). 
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The Central Domain 
The central domain of 16S rRNA (helices 19-27) binds five small subunit r-proteins 
and forms the platform of the 30S subunit (see Fig. 1). Crystal structures of 70S ribosomes21 
reveal that the platform is part of several bridges between the 30S and 50S subunits and that 
it contacts tRNAs. Of the three major regions of 16S rRNA, the central domain exhibits the 
fewest changes between RI and RI* (Fig. 5; Table 2). There are four enhancements in 
reactivity in the central domain of 16S rRNA in RI* compared to RI; two of these occur at 
single nucleotides and two are batches of nucleotides with enhanced hydroxyl radical 
cleavage patterns (Fig. 5). Protections are observed at nine different positions with all but one 
of them being weak (Fig. 5). Similar to what is observed in the body, most of these changes 
are localized near the junction of the major domains of the 30S subunit (Fig. 7a). 
The 3' Domain 
The 3' domain is often subdivided into the 3' major and the 3' minor domains. The 
head of the 30S subunit contains the 3' major domain of 16S rRNA (helices 2 and 28-43) 
and its associated proteins (see Fig. 1). Both proteins and 16S rRNA elements found in the 
head of the 30S subunit interact with a variety of functional ligands. The 3' minor domain 
(helices 44 and 45) stretches across the body of the 30S subunit (see Fig. 1) and makes 
contacts with functional ligands as well. 
Many changes in the 3' major domain are observed as a result of the RI to RI* 
transition. Weak enhancements in reactivity of nucleotides in RI* are observed at eighteen 
positions within the 3' major domain (Fig. 6; Table 3). Stronger enhancements are observed 
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at five different positions one of these, at A915, is the strongest enhancement observed 
between RI and RI*. A large number, thirty-two, of weak protections were observed in the 3' 
major domain. Stronger protections were observed at eight nucleotides with the 3' major 
domain (Fig. 6). 
A minimal number of differences between RI and RI* are observed in the 3' minor 
domain. Three enhancements in reactivity, two weak (one to hydroxyl radical cleavage) and 
one strong, are observed is this domain (Fig. 6; Table 3). Weak protections are observed at 
two different nucleotides within this domain upon formation of RI*. 
The majority of changes between RI and RI* are concentrated in the 3' domain of 
16S rRNA, and these are scattered throughout the head of the 30S subunit (Fig. 6). The 
changes within the 3' minor domain are concentrated at the top of this domain (Fig. 6), 
clustered with those found in the body and platform (Fig. 7a). 
Differences in 30S subunits relative to RI* 
To determine if the changes that we have observed between RI and RI* are consistent 
with the reactivity of nucleotides in the 30S subunit, we have examined the one hundred and 
four residues with altered reactivity between RI and RI* for their reactivity in 30S subunits. 
Different reactivity is observed at twenty-two nucleotides in 30S subunits relative to RI* 
(Figs. 3-6 & 7c; Tables 1-3). Thus, the majority of altered reactivities, eighty-two, observed 
in RI* compared to RI are consistent with the structure of RI* being similar to that of 30S 
subunits. At eighteen nucleotides with changes between RI* and 30S subunits, the change 
observed in 30S is a continuation of trend seen between RI and RI* (i.e. if a nucleotide is 
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protected in RI* it is more protected in 30S subunits). This suggests that the observed 
changes between RI and RI* are consistent with 30S subunit formation, however additional 
accommodation occurs at several positions during the final stages of assembly. Conversely, 
four positions reveal changes in reactivity in 30S subunits relative to RI* that is the opposite 
of what is observed in the RI to RI* transition (Fig. 7c). These four nucleotides with 
enhanced reactivity in RI* relative to RI are then subsequently protected when 30S subunits 
are compared to RI* (Fig. 7c). These results indicate that during the later stages of assembly 
the environment of these nucleotides is again altered, suggesting that significant changes 
occur at these nucleotides as assembly proceeds. 
DISCUSSION 
By employing the techniques of chemical modification and primer extension analysis 
to study 30S subunit assembly, numerous differences between the assembly intermediates, RI 
and RI*, have been identified. Alterations have been observed in all domains of 16S rRNA; 
however, the lower half of the body and much of the platform are devoid of significant 
changes (Fig. 7a). Comparison of our data with previous biochemical and structural work 
reveals that changes observed between RI and RI* can generally be attributed to four types of 
events: previously uncharacterized changes (Fig. 7b), base pairing (Fig. 8a), direct protein 
contacts (Fig. 8b), and r-protein-dependent conformational changes (Figs. 8c and 9a). These 
studies reveal critical positioning and organization of 16S rRNA during a discrete rate-
limiting step in 30S subunit assembly. 
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Base pairing differences between RI and RI* 
Base paired nucleotides are generally resistant to modification with the two base-
specific chemical probes used in this study. Thus if new base pairing interactions occur 
during the RI to RI* transition protections would be observed at these nucleotides. There are 
twenty-two protections observed in RI* that could result from the formation of base pairs 
within 16S rRNA, based on phlyogenetic (see20) and structure dataw(Fig. 8a; Tables 1-3). 
However, in most instances only changes in one member of the base pair are observed. This 
is likely due to the fact that only a subset of positions on guanine, adenine and cytosine were 
probed. Therefore, base pairing events that involve uracil residues or other portions of 
guanine, adenine or cytosine were not monitored. Additionally, there are regions of the 
molecule where reverse transcriptase stops or pauses during the extension reaction, 
prohibiting the detection of changes in these regions. Lastly, some nucleotides may be 
exchanging partners (either base or protein), thus no net change in reactivity would be 
observed. There are data that also indicate that some of these changes could result from 
alterations of interactions of r-proteins with 16S rRNA, and thus our analysis cannot 
definitively account for the changes and these nucleotides are included in both possibilities. 
These results suggest that changes in base pairing occur throughout the major domains of 
16S rRNA during the rate-limiting step in 30S subunit assembly (Fig. 8a). These events may 
be important for creating or stabilizing structures that are critical for further 30S subunit 
assembly or small subunit function. 
There is a single change between the modification patterns of RI* and 30S subunits 
that could be accounted for by base pairing (Fig. 7c; Table 3). CI399 displays enhanced 
reactivity in RI*, but is subsequently protected from modification in 30S subunits. C1399 
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forms a base pair with G1504 (see20); these nucleotides are adjacent to the decoding region of 
the 30S subunit, thus it is possible that this base pairing interaction is involved in correctly 
orienting this important functional region at a late stage in assembly. 
Pseudoknot formation 
Pseudoknots form when there is base pairing between one strand of an internal loop 
and a distant single strand region of the same molecule. Three pseudoknots have been 
identified in 30S subunits as a result of phylogenetic comparisons (see20), modeling22 and 
biochemical studies17™19. Our protection data, at four nucleotides (Fig. 8a), would suggest that 
all three pseudoknots form during the RI to RI* transition (Fig. 8a). The central pseudoknot 
involves the formation of helix 2. As a structural element this pseudoknot is likely important 
as it connects the three major structural elements of the small subunit: the head, body, and 
platform and its formation has been shown to be critical for function19. Base pairing of 
nucleotides within the 530 stem-loop forms another pseudoknot, which has been implicated 
in the decoding process17. A third pseudoknot is formed between the tip of helix 26a and 
nucleotides just 3' of helix 1918. Likewise, this pseudoknot has been suggested to be 
important in translation. The formation of these three pseudoknots during a single step in 30S 
subunit assembly underscores the structural and functional importance of this step for 
competent 30S subunit assembly. 
R-protein changes between RI and RI* 
Previous work revealed that only five small subunit r-proteins (S4, S7, S8, S16 and 
S19) are strongly required for RI* formation7. Thus, these proteins are the best candidates for 
participating in changes that occur during the RI to RI* transition. The interactions of r-
proteins with 16S rRNA revealed in structures of 30S subunits or subparticles (see23-26 for 
examples) can aid in identifying protections that likely result from direct interaction of the 
protein with 16S rRNA; these interactions could shield nucleotides from modification by 
chemical probes or from cleavage by hydroxyl radicals. Footprinting analysis in many 
different r-protein/16S rRNA-containing RNPs (see27 for overview) can also aid our 
interpretation of the RI to RI* changes. Here changes in reactivity that have been identified 
by footprinting that do not correlate with interactions observed within high-resolution 
structures likely result from indirect effects that can be attributed to r-protein-dependent 16S 
rRNA conformational changes. Thus using previous data two specific r-protein-dependent 
changes during the RI to RI* transition can be assessed: changes in reactivity due to direct 
contact of an r-protein with 16S rRNA and to indirect r-protein effects that result in 
conformational changes within 16S rRNA. 
Direct binding of r-proteins to 16S rRNA 
Fourteen protections that are observed in RI* when compared to RI can be attributed 
to direct interaction of five small subunit r-proteins, S4, S5, SI, SB, and S9, with 16S rRNA 
(Fig. 8b). Three of these proteins (S4, S7 and S8) account for eight of the fourteen 
protections and are strongly required for RI* formation7. These results suggest that these 
changes are critical for RI* formation and subsequent 30S subunit assembly. Five of the 
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changes can most easily be explained by direct interaction of S5 with 16S rRNA (Fig. 8b). 
This is somewhat surprising as S5 is not strongly required for RI* formation7. However, it 
has been suggested that S5 is substoichiometrically associated with RI but obtains full 
occupancy in RI*7. The changes attributable to S5 in RI* could result from its full association 
with the particle as well alterations in its binding interactions during this step in assembly. 
Thus, it appears that a number of the changes observed as a result of the RI to RI* transition 
could result from r-proteins assuming interactions with 16S rRNA that are similar to those 
observed in the mature 30S subunits. 
R-protein-dependent conformational changes 
There are fifty-one protections observed as a result of the RI to RI* transition that 
could be attributed to r-protein-dependent conformational rearrangement of 16S rRNA (Fig. 
8c). This type of interaction could therefore account for over 70% of the total number of 
protections observed upon the RI to RI* transition. The five r-proteins that are required for 
RI* formation7 (S4, S7, S8, S16 and S19) could account for thirty-six of these fifty-one 
changes. S7 and S19 likely play a role in nearly 50% of the observed r-protein-dependent 
changes in 16S rRNA folding, while seven changes can be attributed to S9. Since S7, S9 and 
S19 bind the 3' major domain of 16S rRNA in head of the 30S subunit and since thirty-two 
of the fifty-one r-protein-dependent 16S rRNA conformational changes (protections) occur in 
the 3' major domain, this region clearly undergoes a significant change as a result of the RI 
to RI* transition. Four of the five proteins that bind after the RI to RI* transition are also 
found in the head (Fig. 1). Thus, 16S rRNA conformational changes that occur in the 3' 
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major domain may be particularly critical for the later stages of 30S subunit assembly. 
Additionally, these results suggest that conformational changes, which occur due to the 
indirect binding interactions of the small subunit r-proteins, play a significant role in the rate-
limiting step in 30S subunit assembly. 
It is also likely that the enhanced reactivity of a nucleotide could result from 
conformational changes orchestrated by r-proteins. Eleven of the thirty-four enhancements 
observed as the result of the RI to RI* transition can be attributed to r-protein-dependent 
conformational rearrangement of 16S rRNA (Fig. 9a). Again, the majority of these changes 
can be attributed to proteins that have been shown to be strongly required for RI* formation7. 
Enhancement at eight of these eleven nucleotides can be correlated with association of S7, 
S16 and S19 with 16S rRNA28'29. 
Overall, r-protein-dependent rearrangement of 16S rRNA appears to account for a 
surprisingly large number of changes during the RI to RI* transition. Therefore, protein-
dependent RNA rearrangements may be a general feature of assembly of RNPs and could 
play a role in many RNA folding events that occur at a distance from protein binding sites. 
Tertiary binding protein association 
As the tertiary binding proteins associate after RI* is formed, it is possible that the RI 
to RI* transition includes changes which are necessary to create binding sites for these 
proteins on the RNP. Four nucleotides display enhanced reactivity in RI*, relative to RI, and 
then are more protected in 30S subunits (Fig. 7c; Tables 1-3). Three of these nucleotides 
(C972, G973 and G1279) have been shown to directly interact with tertiary binding proteins, 
S10 and S1426. Also, two additional, tertiary binding proteins, S2 and S3, have been 
footprinted adjacent to these sites27'30. These sites are likely made available during the RI to 
RI* transition such that the tertiary binding proteins can associate during a later stage in 30S 
subunit assembly. There are additional sites where the tertiary binding proteins have direct26 
or indirect (see27) interactions with 16S rRNA that display no net change in reactivity 
between RI* and 30S subunits. As discussed for base pairing this would be the case if 
certain 16S rRNA nucleotides exchange partners during the course of 30S subunit assembly. 
Our data supports the positioning of nucleotides during the RI to RI* transition such that the 
binding sites for these tertiary binding proteins are revealed and the later stages of assembly 
can proceed. Thus, while the fold of 16S rRNA in RI* is more consistent with that found in 
30S subunits, the later stages of assembly are required to generate a fully mature particle. 
Enhancements and functional sites 
Several remarkable enhancements result from the RI to RI* transition (Fig. 9). Many 
of the enhanced nucleotides are clustered around the junction of the major domains of the 
30S subunit and 16S rRNA regions where many functionally important sites are found (Fig. 
9b). The changes observed at these positions suggest that these nucleotides can undergo 
dynamic changes which are likely critical during the translational cycle. 
At least, eleven of the thirty-four enhancements observed as a result of the RI to RI* 
transition occur at nucleotides that have been implicated in 30S subunit function (Fig. 9b). 
Sites of mRNA, tRNA and translation factor binding are all affected as a result of this 
assembly step. The changes observed would be consistent with RI* representing a more 
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functional conformation in terms of appropriate ligand binding capability. Also, these data 
illustrate the dynamic nature of these regions which could be important for function. 
Five enhancements that correspond with the sites in the A-site tRNA binding 
pocket31"34 are observed as a result of the RI to RI* transition, suggesting that this functional 
element is likely partially formed as a result of this transition. Similarly, the peptidyl tRNA 
binding site is also emerging during RI to RI* transition, as four nucleotides which have been 
footprinted by P-site tRNA32 and structurally shown to play a role in P-site tRNA 
interaction33 are enhanced as a result of the RI to RI* transition. Additionally, enhancements 
at sites that interact with mRNA and 50S subunits are also observed33. Thus, sites of subunit 
association, mRNA binding and A- and P-tRNA binding undergo important changes during 
this assembly step (Fig. 9b). 
The strongest enhancement observed in RI* relative to RI occurs at A915. This 
nucleotide is adjacent to helix 2 which is part of the central pseudoknot (see above). A915 
resides in a complicated region of the 30S subunit. The A915 region links helix 27, the 
putative switch helix which has been implicated in translational fidelity in E. coli35, with 
helix 28, which forms the neck of the 30S subunit, connecting the body and platform to the 
head. Also, there are striking enhancements observed in helix 28. Changes in these regions 
likely have a significant impact on 30S subunit function, as many groups have speculated 
that appropriate movement of the major domains relative to one another will be critical 
during the translation cycle. Thus movement of these regions of 16S rRNA could be critical 
for assembly as well as function. 
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Changes not readily described 
There are twenty-six changes in reactivity between RI and RI* that, to the best of our 
knowledge, cannot readily be explained by previous biochemical or structural data (Fig. 7b; 
Tables 1-3). Three of these changes are protections and twenty-three are enhancements. The 
majority of these changes are located in the 3' domain. Seven of these enhancements are 
found at functionally important sites. As stated above, increased reactivity at specific 
nucleotides is difficult to monitor by many biochemical techniques and requires the 
comparison of multiple structures to be observed by these techniques. Thus, it is not overly 
surprising that the vast majority of nucleotides with reactivity changes that cannot be 
described in terms of previous data are enhancements in reactivity. Some of these regions, 
such as the stretch from 923-929 and regions in helix 44, are devoid of any significant 
biochemical data indicating protein-16S rRNA interactions, limiting the data available for 
interpretation. The importance of these changes for 30S subunit assembly and function 
warrant further investigation. 
Differences between RI* and 30S subunits 
Changes in 16S rRNA reactivity that are observed between RI and RI* are generally 
consistent with those observed in 30S subunits. Of the one hundred and four nucleotides with 
altered reactivity between RI and RI*, twenty-two display slightly different reactivity in 30S 
subunits (Fig. 7c). The majority of these changes, eighteen, are consistent between RI* and 
30S subunits but the level of reactivity is augmented in 30S subunits. The changes at four 
positions where opposite effects, enhancement in RI* and protection in 30S subunits, are 
observed between RI* and 30S subunits indicate progress through the later stages of 
assembly and have been discussed above. It appears that these correspond with interaction 
sites for tertiary binding proteins and a nucleotide involved in base pairing. No nucleotides 
that display an increase in protection in RI* are then subsequently enhancement in 30S 
subunits were observed. Our data suggests that RI* has assumed a structure more similar to 
30S subunits, however some additional changes are required in the later stages of assembly 
to generate fully assembled and functional 30S subunits. 
CONCLUSIONS 
This work has focused on understanding the structural differences between two 
important 30S assembly intermediates, RI and RI*. During this rate-limiting step in 30S 
assembly, changes have been observed that are consistent with the appropriate orientation of 
functional 30S subunit features and with changes that are likely required for further 
assembly. A large number of these changes are well correlated with r-protein-dependent 
conformational changes within 16S rRNA. Furthermore, changes in specific environments 
such as the mRNA and tRNA binding sites have also been identified. Therefore this 
transition during 30S subunit assembly appears to have both structural and functional 
consequences. These studies aid not only our understanding of 30S subunit assembly but 
increase our general knowledge regarding RNA folding and RNA-protein interactions. 
MATERIALS AND METHODS 
In vitro reconstitution of assembly intermediates and 30S subunits. 
Reconstitution A minus buffer (RA-): 20mM K+-Hepes (pH 7.6), 20mM MgCl2, 6mM |3-
mercaptoethanol; Reconstitution A plus buffer (RA+): RA- + 330mM KC1. Complexes were 
prepared using 16S rRNA isolated from natural 30S subunits36 and recombinant r-
proteins4'37. Prior to complex formation, 200 pmoles of natural 16S rRNA in RA- were 
incubated at 42°C for 15 minutes, followed by 20 minutes on ice. Two volumes containing 
40 pmoles each of 16S rRNA were removed from the reaction mixture to serve as 16S rRNA 
controls: unmodified and modified. To the remaining 16S rRNA mixture, a 7-fold molar 
excess of the primary ribosomal binding proteins (S4, S7, S8, S15, S17, and S20) was added, 
reaction conditions were adjusted to RA+, and the reaction was incubated on ice for 20 
minutes. A 7-fold molar excess of the secondary ribosomal proteins (S5, S6, S9, S11-S13, 
S16, S18, and S19) was next added to the reaction, conditions were adjusted to RA+ and the 
reaction was incubated for another 20 minutes. Three volumes containing the equivalent of 
40 pmoles each of 16S rRNA were removed from the reaction mixture for RI, RI* and 30S 
subunit formation. One remained on ice (RI) and the other two were incubated at 42°C for 20 
minutes to form RI*. One of these two, RI*, was incubated on ice while a 7-fold molar 
excess of the tertiary ribosomal binding proteins (S2, S3, S10, S14, and S21) was added to 
the second mixture (30S), reaction conditions were adjusted to RA+ followed by incubation 
at 42°C for twenty minutes, and then incubation on ice for twenty minutes. The final 
concentration of 16S rRNA was adjusted to 400nM in RA+ for all reactions and particles 
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were used directly in probing experiments. Sucrose gradient sedimentation analysis of these 
particles was performed as previously described37. 
Chemical probing of assembly intermediates. 
Chemical probing of 16S rRNA, RI, RI*, and 30S subunits with kethoxal, DMS, and 
hydroxyl radicals was performed essentially as previously described16,36. All probing 
reactions were carried out on ice to minimize secondary effects. Approximate probing times 
were: kethoxal, 60 minutes; DMS, 120 minutes; hydroxyl radicals, 10 minutes. 
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Table 1. Nucleotides in the 5' domain with altered reactivities as a result of the RI to RI* transition 
Nucleotide Helix Strength Effector Other 
G6 p S5 (d) 
A7 EE S5 (i) 
A8 E N 
8-11* 1 P S5(d) 
C18" 2 FP G917, S5 (d) 
A19b 2 P U916, S5 (d) 
21-23= 1 P S16 (i) 
G31 3 PP S16 (I) 
A298 12 P S16 (i) 
299-302" 12 P S16(l) 
G299 12 P S16 (i) 
A300 12 P S16 (i) 
G301 12 PP U296, S16 (i) 
G302 12 PP C295, S16 (i) 
A303 12 P U294, S16 (i) 
A498 17 P S4(l) 
G505" 18 PP C526, S4 (i) 
G506" 18 P C525, S4 (i) 
A509 18 P S4(d) 30S 
A510 18 PP S4(i) 30S 
G529 18 E N.30S, F 
G530 18 EE N, 30S, F 
A531 18 P N 
P - indicates a protection, relative strength is indicated by P or PP 
E - indicates an enhancement, relative strength is indicated by E or EE 
d - indicates change in reactivity likely due to a direct interaction of indicated effector 
i - indicates change in reactivity likely due to an indirect interaction of indicated effector 
N - indicates novel change 
30S - indicates altered reactivity in 30S compared to RI* 
F - indicates functionally significant nucleotide 
a
- indicates patch of hydroxyl radical cleavage 
b
- indicates nucleotide likely involved in pseudoknot formation 
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Table 2. Nucleotides in the Central domain with altered reactivities as a result of the RI to RI* transition 
Nucleotide Helix Strength Effector Other 
G812 24125= p S8(l) 
G818 24L250 E N 
839-844» 26 E N 
G852 26 P C834 
853-856= 26 E N 
G858 26a P S8(i) 
G859 26a P S8(i) 
A860 26a PP C868, 58 (d) 
G861 26a P S8(d) 
A864 26a P S5(l) 
A865b 26a & 19L20C P G570, S8 (i) 
A892 27 E S16 (i) F 
C893 27 P S4(l) 
P - indicates a protection, relative strength is indicated by P or PP 
E - indicates an enhancement, relative strength is indicated by E or EE 
d - indicates change in reactivity likely due to a direct interaction of indicated effector 
i - indicates change in reactivity likely due to an indirect interaction of indicated effector 
N - indicates novel change 
30S - indicates altered reactivity in 30S compared to RI* 
F - indicates functionally significant nucleotide 
a
- indicates patch of hydroxyl radical cleavage 
b
- indicates nucleotide likely involved in pseudoknot formation 
c 
- indicates loop region between the two indicated helices 
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Table 3. Nucleotides in the 3' domain with altered reactivities as a result of the RI to RI* transition 
Nucleotide Helix Strength Effector Other 
A915 27L2C EE S16 (i) 
G917 2 P S12 (i) 
A923 28 E N,30S 
C924 28 E N, 305 
G925 28 E N,30S 
G926 28 E N, 305, F 
G927 28 E N, 305 
G928 28 E N, 305 
G929 28 E N, 305 
C936 28 P U1380, 87(1) 
G939 29 P C1344, S7 (d) 
C940 29 P G1343, S7 (d) 
G944 30 P C1237, S7 (i) 
G945 30 P A1236, 57 (i) 
C951 30 P C1230, S7(i) 
A959 31 PP S19 (i) 
A968 31 E S7 (i) 
A969 31 E S7(i) 
G971 31 P S13 (i) 
C972 31 E N, 30S" 
G973 31 E S7/S9/S19 (i) 30Ô-
C980 31L32 P S19 (i) 
A983 311.32e P S19(i) 
A1004 33 EE N 
A1005 33 E N 
G1127 39 P S7/S9/S19 (i) 
G1138 39 PP S7/S9/S19 (i) 30S 
G1139 39 P N 
A1145 39 PP S9(i) 
A1146 39 PP SB (i) 
C1149 39 P G1124, S9 (d) 
A1257 41 E N, 30S 
A1261 41 EE S9 (i) 305 
C1262 41 EE N.30S 
G1268 41 P S7/S9/S19 (i) 305 
A1269 41 PP S9 (i) 
A1274 41 P S9 (i) 
A1275 41 P S9(l) 
G1279 41 E S7/S9/S19 (i) 303 
A1280 41 P S9(i) 
C1281 41 P S9(i) 
A1299 41L42C P S7(i) 
C1302 42 E N 
G1304 42 P S7(i) 
G1316 42 P S7 (i) 305 
G1331 42 P S7 (i) 
A1332 42 PP S7(i) 
A1333 42 P S7 (i) 
G1334 42 P C1303, S7 (i) 
G1338 42 EE N, F 
A1339 42 E S7(l) F 
A1350 43 P U1372, S7 (d) 
A1360 43 PP S7 (i) 
G1361 43 P S7(l) 
A1362 43 P 87 (I) 
G1365 43 PP A1357, S7(i) 
A1374 43 P S7(d) 
A1377 43 P S7 (d) 
C1382 28 E S9(i) 305. F 
G1392 28 P C924, S12 (i) 
C1395 28 P G922, S7 (i) 
A1396 28 P U921, 55(d) 
C1399 28L44= E S7(l) 30S1F 
A1492 44 E N, F 
A1493 44 EE N, F 
G1494 44 P N 
A1500 44 P C1402 
1495-1497" 44 E N, F 
P - indicates a protection, relative strength is indicated by P or PP 
E - indicates an enhancement, relative strength is indicated by E or EE 
d - indicates change in reactivity likely due to a direct interaction of indicated effector 
i - indicates change in reactivity likely due to an indirect interaction of indicated effector 
N - indicates novel change 
30S - indicates altered reactivity in 30S compared to RI* 
F - indicates functionally significant nucleotide 
a 
- indicates patch of hydroxyl radical cleavage 
c 
- indicates loop region between the two indicated helices 
e 
- indicates opposite trend in reactivity between RI* and 30S 
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Figure 1. In vitro assembly of 30S ribosomal subunits. 
a) Modified in vitro 30S subunit assembly map2'3'38. 16S rRNA is represented by a rectangle 
and arrows indicate dependency between components for association. Primary and 
secondary r-proteins are black and tertiary r-proteins are white. S6 and S18 are enclosed 
in a box to indicate that they bind as a heterodimer. The areas shaded red, green and blue 
indicate those proteins found in the platform, body and head of the 30S subunit, 
respectively. 
b) Schematic representation of the secondary structure of 16S rRNA. The four major 
domains of 16S rRNA, 5', central, and the 3' major and 3' minor domains colored in 
green, red, blue and gray, respectively20. This color scheme is coordinated with shaded 
areas in panel (a) such that 16S rRNA and associated proteins are similarly colored. 
c) Schematic representation of in vitro 30S subunit assembly3,6. 
16S rRNA is represented by a rectangle, the reconstitution intermediate (RI) is 
represented by an ellipse, the "activated intermediate" (RI*) is represented by a crescent 
and 16S rRNA from the 30S structure of T. thermophilus14 is color-coded similarly to 
panel (a). (1) 16S rRNA combines with a subset of r-proteins (S4-S9, S11—S13, S15— 
S20) at low temperatures to form a stalled intermediate, RI. (2) RI is converted to the 
activated intermediate RI* by heat treatment, A. (3) the remaining r-proteins (S2, S3, S10, 
S14, S21) bind to RI*, forming 30S subunits. All tertiary structure figures were prepared 
using Ribbons39. 
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Figure 2. Sucrose gradient sedimentation analysis of in vitro reconstitution. 
The dotted line indicates the position of the reconstitution intermediate (RI) and the solid line 
indicates the position of 30S subunits. (a) natural 16S rRNA (b) RI: 16S rRNA and primary 
and secondary recombinant proteins incubated at 4°C (c) DRP: same as (b) but incubated at 
4°C and shifted to 42°C after RI formation (d) D30S ribosomal subunits: same as (c) but with 
the addition of tertiary proteins and continued incubation at 42°C. 
Sedimentation is from left to right and absorption is monitored at 254nm. 
a) 
b) 
c) 
d) 
top 
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Figure 3. Primer extension analysis of kethoxal, dimethyl sulfate and hydroxyl radical 
modified assembly intermediates. 
Three sets of individually probed particles are shown left to right: kethoxal, dimethyl sulfate 
(DMS) and hydroxyl radical ( OH). A and G: dideoxy sequencing lanes, K: unmodified 16S 
rRNA. All other lanes are treated with the indicated probe. 16S: 16S rRNA, RI: 
reconstitution intermediate formed at low temperature in the presence of primary and 
secondary binding proteins, A RI*: "activated" intermediate formed by incubation of RI at 
42°C, A 30S: RI* and tertiary binding proteins incubated at 42°C. Circles denote sites of 
altered reactivity. Bars indicate hydroxyl radical cleavage changes. For changes of reactivity 
of guanine residues compare lanes 5 and 6; for changes in adenine and cytosine reactivity, 
compare lanes 9 and 10; and for changes in backbone cleavage by hydroxyl radicals, refer to 
lanes 13 and 14. Since each patch of hydroxyl radical cleavage is related, they will be 
considered as one change in reactivity within the molecule. 
. .m « i e ' > » t£ y *; * * t* i? 
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Figure 4. 5' domain nucleotides with altered reactivity between RI and RI*. 
a) Primer extension analysis of kethoxal, dimethyl sulfate and hydroxyl radical modified 
assembly intermediates. Three sets of individually probed particles are shown left to 
right: kethoxal, dimethyl sulfate (DMS) and hydroxyl radical ( OH). A and G: dideoxy 
sequencing lanes, K: unmodified 16S rRNA. All other lanes are treated with the indicated 
probe. 16S: 16S rRNA, RI: reconstitution intermediate formed at low temperature in the 
presence of primary and secondary binding proteins, ARI*: "activated" intermediate 
formed by incubation of RI at 42°C, A30S: RI* and tertiary binding proteins incubated at 
42 °C. Circles denote sites of altered reactivity. Bars indicate hydroxyl radical cleavage 
changes. For changes of reactivity of guanine residues compare lanes 5 and 6; for 
changes in adenine and cytosine reactivity, compare lanes 9 and 10; and for changes in 
backbone cleavage by hydroxyl radicals, refer to lanes 13 and 14. Since each patch of 
hydroxyl radical cleavage is related, they will be considered as one change in reactivity 
within the molecule. 
b) Changes in modification patterns shown on the secondary structure of the 5' domain of 
16S rRNA. For kethoxal and DMS probing, circles denote the sites of protections, while 
triangles denote enhancement sites. The size of the symbol correlates with the intensity of 
the change. Dotted lines indicate changes in reactivity during hydroxyl radical probing. 
Appropriate helical structures are labeled40. 
c) Sites of altered reactivity during the RI to RI* transition the three-dimensional structure of 
the T. thermophilus 30S subunit14. The 5'domain of 16S rRNA is highlighted. For clarity, 
none of the r-proteins are shown and some helical numbers40 are given. Enhancements 
are shown as red spheres and protections are shown as blue spheres. The size of the 
sphere correlates with the intensity of the change in reactivity. Changes in reactivity to 
hydroxyl radicals are shown as a single sphere centered on the cleavage patch. 
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Figure 5. Central domain nucleotides with altered reactivity between RI and RI*. 
Data are represented as described for Figure 4. 
a) Primer extension analysis of kethoxal, dimethyl sulfate and hydroxyl radical 
modified assembly intermediates. 
b) Changes in modification patterns shown on the secondary structure of the central 
domain of 16S rRNA. 
c) Sites of altered reactivity during the RI to RI* transition shown on 16S rRNA from 
the three-dimensional structure of the T. thermophilus 30S subunit14. The central 
domain of 16S rRNA is highlighted. 
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Figure 6.3' domain nucleotides with altered reactivity between RI and RI*. 
Data are represented as described for Figure 4. 
a) Primer extension analysis of kethoxal, dimethyl sulfate and hydroxyl radical modified 
assembly intermediates. 
b) Changes in modification patterns shown on the secondary structure of the 3' domain 
of 16S rRNA. 
c) Sites of altered reactivity during the RI to RI* transition shown on 16S rRNA from 
the three-dimensional structure of the T. thermophilus 30S subunit14. The 3' domain 
of 16S rRNA is highlighted. 
3'Major domain 
3' Minor domain 
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Figure 7. Summary of nucleotide changes between RI and RI*. 
All data are mapped on 16S rRNA from the structure of the T. thermophilus 30S subunit14. 
16S rRNA is shown in gray and for clarity, none of the r-proteins are shown. Enhancements 
are shown as red spheres and protections are shown as blue spheres. The size of the sphere 
correlates with the intensity of the change in reactivity. Changes in reactivity to hydroxyl 
radicals are shown as a single sphere centered on the cleavage patch. Some helical numbers40 
are given for orientation. 
a) Sites of protections and enhancements which occur as a result of the RI to RI* transition. 
b) Novel protections and enhancements which result from the RI to RI* transition. 
Nucleotides with altered reactivity during the RI to RI* transition which cannot be 
readily attributed to previous biochemical or structural data. 
c) Nucleotides with altered reactivity between RI* and 30S subunits. Nucleotides with 
altered reactivity between RI and RI* which demonstrate a continued trend of 
enhancement or protection between RI* and 30S are indicated by red or blue spheres, 
respectively. Nucleotides which were enhanced as a result of the RI to RI* transition 
which then become protected in 30S subunits are indicated by purple spheres. 
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Figure 8. Sites of decreased reactivity in RI* relative to RI. 
All data are mapped on 16S rRNA from the structure of the T. thermophilus 30S subunit14. 
16S rRNA is shown in gray. Protections are shown as blue spheres. The size of the sphere 
correlates with the intensity of the change in reactivity. Changes in reactivity to hydroxyl 
radicals are shown as a single sphere centered on the cleavage patch. Some helical numbers40 
are given for orientation. 
a) Protections likely attributable to base pairing within 16S rRNA. Protections likely 
resulting from the formation of pseudoknots are shown as green spheres. A: C18 and 
A19 which comprise part of the central pseudoknot in helix 2; B: G505 and G506 
which comprise part of the pseudoknot within helix 18; C: A865 which comprises the 
pseudoknot between Helix 26a and the loop region 3' of helix 19. For clarity, none of 
the r-proteins are shown. 
b) Protections likely due to direct interactions of 16S rRNA with r-proteins during the 
RI to RI* transition. 
c) Protections likely attributable to r-protein-dependent conformational changes within 
16S rRNA during the RI to RI* transition. 
For b and c, 16S rRNA is shown in gray and r-proteins S4, S5, S7, S8, S9, S16 and S19 are 
shown in teal, orange, light blue, purple, yellow, magenta and dark green respectively. 
Protections which can be attributed to each of these proteins by structural or biochemical data 
are shown as spheres of the same color as the specific r-protein. Changes shown in black 
represent either polyspecific S7/S9/S19 effects or a protein which effects fewer than three 
nucleotides during the RI to RI* transition. 
rx 
H39 
69 
Figure 9. Sites of enhanced reactivity in RI* relative to RI. 
16S rRNA is shown in gray and for clarity, none of the r-proteins are shown. All data 
mapped on 16S rRNA from the structure of the T. thermophilus 30S subunit14. 
Enhancements are shown as red spheres. The size of the sphere correlates with the intensity 
of the change in reactivity. Changes in reactivity to hydroxyl radicals are shown as a single 
sphere centered on the cleavage patch. Some helical numbers40 are given for orientation. 
a) Enhancements likely due to r-protein-dependent conformational changes in 16S rRNA 
during the RI to RI* transition. Color-coding of the r-proteins is as in Figure 6. 
Enhancements which can be attributed to the r-proteins are shown as spheres of the same 
color as the specific r-protein. Changes shown in black represent polyspecific S7/S9/S19 
effects. 
b) Nucleotides which display enhanced reactivity during the RI to RI* transition and have 
also been suggested to interact with functional ligands in the 30S subunit. For clarity, 
none of the r-proteins are shown. 
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CHAPTER 3: ANALYSIS OF CONFORMATIONAL CHANGES IN 16S 
rRNA DURING THE COURSE OF 30S SUBUNIT ASSEMBLY 
A paper which has been submitted to Journal of Molecular Biology 
Kristi L. Holmes and Gloria M. Culver 
SUMMARY 
Ribosome biogenesis involves an integrated series of binding events coupled with 
conformational changes that ultimately result in the formation of a functional 
macromolecular complex. In vitro Escherichia coli 30S subunit assembly occurs in a 
cooperative manner with the ordered addition of twenty ribosomal proteins (r-proteins) with 
16S ribosomal RNA (rRNA). The assembly pathway for 30S subunits has been dissected in 
vitro into three steps where specific r-proteins associate with 16S rRNA early in 30S subunit 
assembly, followed by a mid-assembly conformational change of the complex that then 
enables the remaining r-proteins to associate in the final step. Although the three steps of 30S 
subunit assembly have been known for some time, few details are known about effects 
associated with changes that occur as assembly progresses through these three specific 
stages. Here we present a detailed analysis of the concerted changes that occur during the 
early and late stages of small ribosomal subunit assembly, and coupled with previous studies, 
an ordered model for Escherichia coli 30S subunit assembly has been revealed. A more 
comprehensive understanding of global events and stages associated with assembly of the 
30S subunit may reveal not only details of this specific process, but also general assembly 
characteristics of other large ribonucleoprotein particles. 
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INTRODUCTION 
The Escherichia coli (E. coli) 30S ribosomal subunit participates in the decoding 
process where selection and maintenance of the appropriate base pairing between messenger 
RNA (mRNA) and transfer RNA (tRNA) is critical for translational accuracy and fidelity. 
Interactions of these functional ligands (mRNA and tRNA) are contingent on structural and 
dynamic aspects of the 3OS subunit. The structural characteristics of the 30S subunit are 
defined by the interactions between 16S ribosomal RNA (rRNA) and the twenty individual 
ribosomal proteins (r-proteins), S2-S21. Therefore, the assembly of these components into a 
functional complex is of paramount importance for translation and therefore cellular 
viability. 
Use of specific in vitro reaction conditions allows functional E. coli 30S subunits to 
be reconstituted from 16S rRNA and a complete mixture of r-proteins1 or the purified 
individual natural^3 or recombinant4'5 r-proteins. The ability to manipulate 30S subunit 
assembly in vitro allowed Nomura and colleagues to perform single r-protein addition and 
omission experiments to dissect this assembly process [see6]. These studies culminated in the 
synthesis of an in vitro assembly map which illustrates the cooperative and hierarchical 
nature of 30S subunit assembly2'3; 1. This map reveals that the r-proteins can be classified 
into three main groups: the primary binding proteins (S4, S7, SB, S15, S17, S20), which are 
able to bind directly and independently to 16S rRNA; the secondary binding proteins (S5, S6, 
S9, S11-S13, S16, S18, S19), which require the association of a primary r-protein with 16S 
rRNA prior to their binding; and the tertiary binding proteins (S2, S3, S10, S14, S21), which 
require that at least one primary and secondary r-protein are associated with the assembling 
ribonucleoprotein (RNP) particle prior to their association with the complex. 
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Three distinct stages of 3OS subunit assembly can be observed by deviation from the 
strict temperature regime required for in vitro reconstitution of functional 30S subunits. In 
stage one, fifteen r-proteins (S4-S9, S11-S13, and S15-S20), corresponding to the primary 
and secondary binding proteins, associate with 16S rRNA to form an assembly intermediate 
at low temperature (Figure 1, stage I). Although this intermediate is commonly referred to as 
RI, for Reconstitution Intermediate, it likely reflects an authentic in vivo stage of E. coli 30S 
subunit assembly, as similar particles have been observed in vivo under a variety of 
conditions and in a variety of strains8"12. For assembly to proceed from the stall at RI, an 
activation event is required to produce a second intermediate, RI*, that has a similar 
composition to RI yet a significantly different conformation^ ^(Figure 1, stage II). The third 
stage of assembly involves the association of the remaining r-proteins (the tertiary binding 
proteins: S2, S3, S10, S14 and S21) with RI* resulting in the formation of functional 30S 
subunits (Figure 1, stage III). These three stages of assembly correspond well with assembly 
events described in the assembly map2'3; 7 and also with in vivo findings8"12. An 
understanding of details associated with each of these stages should yield an abundance of 
information regarding assembly of functional 30S subunits as well as RNPs in general. 
Of these three steps, the RI to RI* transition has been characterized in some detail13" 
16
. Side-by-side comparison of chemical probing and primer extension results for RI and RI* 
allowed differences in reactivities at specific nucleotides in the two populations to be 
identified16. Significant changes in over one hundred nucleotides were observed as a 
consequence of this transition and prior biochemical and structural data were used to 
categorize these data. These changes likely represent conformational changes that reflect 
differences in base pairing, or association of r-proteins with the complex. Most notably, this 
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transition appears to be important for forming binding sites for the subsequent association of 
tertiary proteins and establishment of functional ligand binding sites during assembly of the 
30S subunit. 
While one stage of 30S subunit assembly has been dissected, concerted events that 
occur early and late in assembly are still not well characterized. Significant work has been 
performed to evaluate the association of each individual r-protein with 16S rRNA or with 
16S rRNA-containing RNPs [see 17 for overview]. However, in these experiments the 
complexes were generally formed at high temperature thus precluding analysis of events 
involved in forming RI or events that occur as a result of concerted association of several r-
proteins. Indeed, significant temperature-dependent changes have been observed for the 
complex of at least one early binding r-protein, S4, and 16S rRNA18. A study to investigate 
the dynamics of 30S subunit has also been performed, using a full set of r-proteins, single 
temperature reconstitutions and chemical modification19. Comparisons were then made to 
identify nucleotides that were similarly reactive in particles formed at different temperatures 
and in 30S subunits to assign nucleotides to different kinetic classes19. While this approach 
did analyze assembly dynamics, it did not follow changes throughout the distinct stages of 
the assembly process nor did it report changes that were distinct from those found in 30S 
subunits. Moreover, all of the above mentioned experiments were performed in advance of 
the high-resolution structure of the 30S subunit20 and therefore did not have the advantage of 
this structure in interpreting the changes associated with these events. Here, we report the use 
of chemical probing and primer extension analysis to dissect changes associated with the 
distinct stages of 30S subunit assembly. In these experiments, only the r-proteins necessary 
for formation of the appropriate intermediate were included and all of the assembly events 
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were initiated at low temperature, allowing the transition through the various stages of 
assembly to occur in a sequential, concerted manner. We have framed our observed data in 
the context of previous biochemical [see 17 for overview] and structural20, 21 data. These 
studies allow details of assembly of 30S subunits to be characterized as an ensemble of 
events associated with discrete as well as multiple assembly stages. These results greatly 
expand our understanding of 30S subunit formation and perhaps reveal trends that are likely 
relevant for assembly of other cellular RNPs. 
RESULTS 
Preparation of assembly intermediates and 30S subunits 
To allow the four different 16S rRNA-containing 30S subunit assembly populations 
to be prepared and analyzed, natural 16S rRNA22 and recombinant r-proteins4,5 were used. 
To study the early stages of assembly, naked 16S rRNA was used and compared to the RI 
particle that was formed by incubation of 16S rRNA with a subset of r-proteins at low 
temperature (Figure 1, stage I). For analysis of the late stages of assembly, RI* was formed 
by incubation of RI at elevated temperature (Figure 1, stage II). These particles were 
compared with 30S subunits that were formed by incubation of RI* with the remaining 30S 
subunit r-proteins (Figure 1, stage III). Preparation of each of these particles was analyzed 
using sucrose gradient sedimentation (Figure 2), demonstrating that each population is 
distinct and appropriately formed. This staged reconstitution approach allows analysis of 
each population (16S rRNA, RI, RI* and 30S subunits) as well as comparisons to be made 
among populations. Also since one population evolves from the previous, the concerted 
assembly pathway [16S rRNA to RI (early), RI to RI* (mid), to RI* with 30S subunits (late)] 
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can be monitored as well and unique and global changes can be observed which results in an 
in-depth analysis of the 30S subunit assembly process. 
Analysis of 16S rRNA during assembly 
Base-specific chemical probes were used to modify 16S rRNA in the different 
complexes and then reverse transcriptase-catalyzed primer extension analysis was used to 
identify nucleotides with altered reactivity in different complexes (Figure 3, panels a-k). 
Reverse transcriptase is unable to incorporate a complementary nucleotide when a modified 
nucleotide is encountered and therefore sites of modification can then be identified as a 
"stop" one nucleotide downstream of the modified site in a denaturing polyacrylamide gel. 
Since we have previously reported changes associated with the RI to RI* transition16, here 
changes that are unique to the early and late stages of 30S subunit assembly are dissected. 
Also trends that are observed at multiple stages of the assembly process will be discussed. 
These results not only reveal specifics of each stage of assembly but also afford an overall 
interconnected view of the 30S subunit assembly process. 
Differences in reactivity between 16S rRNA and RI 
When the reactivity of bases in naked 16S rRNA and RI are compared, there are one 
hundred-fifteen total changes, seventy-three of which are unique to this first stage of 30S 
subunit in vitro assembly (Figure 3, panels a-f, h-k; Figure 4a; Table 1). Of the seventy-three 
unique changes, ten are observed increases in reactivity, or enhancements while sixty-three 
are decreases in reactivity, or protections. Interestingly, these changes are not evenly 
distributed throughout the 16S rRNA molecule. Almost one-half (thirty-four) of the changes 
that are observed during this first stage of assembly occur in the 5' domain of 16S rRNA 
(nucleotides 1-566). In the central domain of 16S rRNA (nucleotides 567-915), nineteen 
changes are observed. Six changes are observed in the 3' major domain (nucleotides 916-
1396), while fourteen changes are observed in the 3' minor domain (nucleotides 1397-1542). 
Many of the observed protections during this stage of assembly are consistent with 
base pairing23, footprinting [see 17 for overview] and contacts that are revealed in the 30S 
subunit structure21. A significant number of changes observed during the first stage of 
assembly can be attributed to interactions of primary binding proteins with the assembling 
particle. For example, as many as twenty of the protections observed during this transition 
likely result from the association of primary binding r-proteins S17 and S2021'24. Three other 
primary binding proteins are also strongly implicated in this early stage of assembly; both S4 
and S7 likely play a role in three protections each, while six of the protections can be 
attributed to the association of S1518; 21'25'26. Perhaps even more striking is the strong 
implication for a role for the secondary binding r-protein S16 in orchestrating early assembly 
events. Nine sites of altered reactivity observed in RI relative to naked 16S rRNA can be 
attributed solely to S16, while another seven could be attributed to S16 in combination with 
S2021'24. These results suggest that S16 plays a significant role in organizing and 
coordinating early events of 30S subunit assembly. Thus, many events early in assembly 
appear to correlate with changes associated with primary binding r-proteins and the 
secondary binding r-protein, S16. 
Differences in reactivity between RI* and 30S subunits 
When the reactivity of bases in RI* and 30S subunits are compared, there are forty-
nine total changes in reactivity, fourteen of which are unique to the final stage of in vitro 
assembly (Figure 3, panels h-i; Figure 4b; Table 2). Interestingly, all fourteen changes are 
observed in a single 113-nucleotide stretch (nucleotides 1094-1207) near the 3' end of 16S 
rRNA, thus indicating that late assembly events are concentrated in this region. Since only 
one of these fourteen changes can be readily ascribed to a base pairing event, it is likely that 
the majority of base pairing occurs earlier in assembly (see above). Eight of the eleven 
protections observed during this transition can be attributed to the association of tertiary 
proteins with the RI* RNP. Specifically, biochemical27 and structural evidence21 suggest that 
eight changes in reactivity during this transition likely result from the association of tertiary 
binding proteins S2 and S3, while S10 and S14 are likely involved in protection of one 
nucleotide each21. As expected, association of the tertiary binding r-proteins plays a 
significant role during the late stages of 30S subunit assembly, functional regions appear to 
undergo changes in reactivity at this stage as well. 
Not only tertiary binding r-proteins are associated with changes during the third stage 
of assembly. One protection during the RI* to 30S transition is most likely attributable to a 
direct interaction with r-protein S921 while another can be attributed to the combined effect of 
r-proteins S7, S9, and S1925. R-proteins S7, S9 and S19 are components of RI14 (see Figure 
1) and have been shown to play an important role in the RI to RI* transition16. These data 
suggest that structural adjustments involving r-proteins that are already associated with the 
RI* RNP are made during the later stages of assembly. Such observations may also suggest 
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changes involving the early binding r-proteins that are dependent on later binding r-proteins 
and may reveal the highly integrated nature of 30S assembly. 
Differences in reactivity during successive stages of assembly 
Nucleotides which are reactive in successive stages of 30S subunit assembly have 
also been revealed in this work and offer a more comprehensive view of the 30S subunit 
assembly process. At some nucleotides, assembly is a continuation of changes leading toward 
a functional 30S subunit. There are forty nucleotides (five enhancements and thirty-five 
protections) which exhibit altered reactivity that is sustained during the extended process 
which includes conversion of naked 16S rRNA into RI* (Figure 3, panels b, d-g, i-k; Figure 
5a; Table 3). The bulk of these changes (twenty-three) are likely attributable, in part, to 
primary binding proteins S4, S7, S15 and S17l8;21'24"26. Additionally, a significant role for 
SB, evidenced by six protections21'26, is observed during this extended period of assembly 
that was not obvious by focusing on the changes unique to the first stage of assembly. Again, 
r-protein S16 appears to be involved in these extended assembly events, as four protections 
are likely attributable to this r-protein24. A more significant role for other secondary binding 
proteins in the first two stages of assembly is revealed by evaluation of nucleotides with 
sustained reactivity throughout specific stages of assembly, as five protections during this 
extended period of assembly are at least partially attributable to all of the other secondary r-
proteins, save S 1621; 25; 28. These data further support a critical role for primary r-proteins 
early in assembly. Furthermore, the role of secondary r-proteins is revealed by analysis of 
nucleotides which exhibit sustained reactivity. 
Changes at thirty-three nucleotides (twenty-one enhancements, ten protections, and 
two enhancements which then become protected) are observed when the assembly process is 
assessed as an extended transition from RI to 30S subunits (Figure 3, panels a, d-k; Figure 
5b; Table 3). Remarkably, seven of these changes can be attributed solely to primary r-
proteins S4 and S718'21 ; 25, suggesting that they play a significant and continuing role in many 
events throughout the assembly process. The role of the secondary r-proteins during 
assembly becomes more evident during this extended period of assembly, as ten of the 
changes which occur during this period are at least partially attributable to secondary r-
proteins S5, S12, S13, S16, S6/S18, and poly-specific S7/S9/S19 effects21;24;25;28. 
Interestingly, while r-protein S5 makes contact with three of these nucleotides in the crystal 
structure of the 30S subunit21, two of the three are actually enhancements in reactivity. These 
results may suggest that the interaction of S5 with the RNP is dynamic. Also by examining 
this extended period of assembly, it is also possible to monitor the formation of tertiary r-
protein sites and the subsequent association of the tertiary r-proteins at these locations. Two 
such sites are observed at 972 and 973, which are enhanced during the RI to RI* transition 
and become protected between RI* and 30S subunit formation likely by tertiary binding r-
proteins S10 and S14, respectively21. 
There are two nucleotides which are examples of changes in reactivity that appear to 
be independent of elevated temperature during assembly. A unique change in reactivity is 
observed at 1079; it is protected during the 16S rRNA to RI transition, its reactivity is 
unchanged during the RI to RI* transition and then it becomes further protected during the 
RI* to 30S subunit transition. A possible explanation for this unusual punctuated change in 
reactivity at 1079 is altered association of r-protein S5 with the particle during the early and 
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late stages of 30S assembly, as r-protein S 5 directly contacts 1079 in the 30S subunit21. 
Another interesting trend is observed at nucleotide 899, which has a punctuated and 
differential change in reactivity: 899 is first protected during the 16S rRNA to RI transition, 
is devoid of reactivity change during the RI to RI* transition, and then is enhanced during the 
later RI* to 30S subunit transition. The unusual altered reactivity observed at 899 could 
result from the multiple contacts attributed to the 900 tetraloop which contains 89929. 
The dynamic nature of the assembly process is apparent in these data and is 
underscored by the observation that certain regions of 16S rRNA appear to change 
throughout the entire course of in vitro 30S subunit assembly. There are eleven nucleotides, 
five enhancements and six protections, which exhibit continued alterations in reactivity 
throughout the three stages of assembly (Figure 3, panels d, f, j-k; Figure 5c, Table 4). 
Intriguingly, seven of these positions represent functionally significant regions in 30S 
subunits which participate in events such as decoding and subunit association30'31. The 
observed continuous change in reactivity at these positions suggests that these regions are 
slowly accommodated during the assembly process. Also these data suggest that assembly 
proceeds along this three-step pathway toward a fully mature and functional 30S subunit. 
DISCUSSION 
Here we describe detailed analyses of changes that occur during 30S subunit 
assembly by monitoring changes in reactivity of 16S rRNA as it progresses through three 
distinct stages of in vitro 30S subunit assembly. Studies of these discrete stages in assembly 
(naked 16S rRNA to RI, RI to RI*, and RI* to 30S subunits) have revealed details of 
conformational alterations that occur during each stage and, when taken together, offer an 
integrated view of 30S subunit assembly. Moreover, the binding of r-proteins at low 
temperatures [with the exception of S418] has not been thoroughly investigated. Given the 
temperature-dependent conformational change of the S4/16S rRNA complex18 and the 
significant changes observed upon heat activation of RI to RI*16, it is likely that other r-
proteins have altered binding at different temperatures as well and that these differences are 
relevant to the assembly process and that some of these changes have been observed in this 
study. 
Roles for r-proteins 
Early in assembly the primary binding proteins play an expected and significant role 
and there appears to be a previously under-appreciated role for S16 at this stage of assembly 
as well. It is striking that only four changes in reactivity during the first assembly transition 
can be attributed to all of the secondary binding proteins combined, while S16 is likely 
responsible for sixteen changes in reactivity. It has been proposed that S16 accelerates the 
rate of 30S subunit assembly and these studies suggest that S16 might play a role later in the 
assembly process32. Indeed, the S16-related data suggest an underlying level of complexity 
during ribosome assembly that becomes evident only when assembly is examined as specific 
concerted stages. Thus it seems quite likely that r-protein S16 plays a significant role in 
coordinating 30S subunit assembly. 
The relatively minor role of the secondary binding proteins in the early 30S subunit 
assembly events is somewhat surprising although not inconsistent with data addressing roles 
for r-proteins in RI* formation 14. The results presented here for changes associated with the 
16S rRNA to RI transition, taken together with those results for the RI to RI* transition16, 
suggest that many of the secondary binding proteins, are accommodated into a stable, 
detectable interaction only after the RI to RI* transition. This observation might explain the 
significant increase in stability of RI* relative to RI13"15. However, since the low temperature 
interactions of all the r-proteins with 16S rRNA have not been individually explored in great 
detail, an alternative interpretation is that the secondary r-proteins have interactions with the 
RNP that are distinct at low versus high temperatures. Nevertheless, the secondary binding 
proteins are clearly critical for events that occur in the later stages of 30S subunit assembly. 
During the late assembly stage, the remaining r-proteins (the tertiary binding proteins) 
associate with the RNP. Consistent with this, 79% of the unique changes in observed 
reactivity observed as a result of this transition can be attributed to the association of tertiary 
binding proteins based on structural21 or footprinting data [see 17 for overview]. Also two 
changes can be attributed to the primary and secondary binding r-proteins S7, S9, and S19, 
and a role for these early binding proteins later in assembly is rather unique. Also, analysis of 
nucleotides that exhibit an augmentation in altered reactivity throughout the course of 
assembly (i.e. all three stages) reveals that 64% of these changes may be the result of a 
continued rearrangement of r-proteins S4, S7 and S16 with the particle. These observations 
suggest that pathways of 30S subunit assembly can be established at early stages and 
assembly can proceed along these pathways throughout this process. Remarkably, all of the 
changes that are unique to the RI* to 30S subunit transition are localized to a small region in 
the 3' major domain of 16S rRNA, suggesting that assembly of this fragment of 16S rRNA 
occurs quite late in assembly. Thus the late assembly events are not only concentrated near 
the 3' end of 16S rRNA but, as expected, appear to involve the association of the tertiary 
binding r-proteins. 
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Overall, the process of 30S subunit assembly appears to occur as an integrated series 
of concerted changes that are augmented by r-proteins and the role of r-proteins seems to be 
substantial throughout the course of assembly. Also these studies reveal previously 
unappreciated roles for specific r-proteins in each stage of, as well as throughout, 30S subunit 
assembly. 
Functional sites 
Interestingly, the majority of nucleotides with sustained reactivity throughout the 
course of assembly are critical for function of the 30S subunit. Changes observed at all three 
stages of assembly occur at sites involved in A-site tRNA binding30, P-site tRNA binding30 
and in functional pseudoknot formation33. Thus there may be an early-stage positioning of 
these critical residues and then throughout the course of assembly, the alignment and 
orientation of these residues may be optimized for their functional role. 
The observed punctuated and opposing reactivity observed at 899 could also have 
significant functional relevance. Nucleotide 899 is part of a GNRA tetraloop comprised of 
nucleotides 898-901. This tetraloop can dock against helix 2429 and also plays a functional 
role as part of an inter-subunit bridge31. Thus the protection of this residue early in assembly 
could result from a docking event with helix 24 while the increased reactivity could represent 
a conformational switch so that this residue is available to interact with the 50S subunit. The 
opposing reactivity observed at this nucleotide may represent the underlying dynamic nature 
of this macromolecular complex that is likely critical for many functional aspects of 30S 
subunits. 
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Polarity of changes during the assembly process 
An interesting observation regarding the overall nature of 30S subunit assembly can 
be gleaned from this work: generally in the early stages of assembly, changes are 
concentrated in the 5' domain and as assembly proceeds, the area where the changes are 
observed shifts towards the 3' end of 16S rRNA (Figure 6, panels b-d). During the first stage 
in assembly, 40% of the changes are localized in the 5' domain, 27% are located in the 
central domain, and 19% and 14% are located in the 3' major and minor domains of 16S 
rRNA, respectively. Changes observed as a result of the RI to RI* transition are more 
concentrated toward the 3' end of 16S rRNA: 20% localized in the 5' domain, 15% located 
in the central domain, and 61% and 5% are located in the 3' major and minor domains of 16S 
rRNA, respectively. Finally, of the total changes observed as a result of the RI* to 30S 
subunit transition, 12% are localized in the 5' domain, 8% are located in the central domain, 
and 76% and 4% are located in the 3' major and minor domains of 16S rRNA, respectively. 
Overall, it appears that changes proceed in a 5' to 3' direction as assembly continues as has 
been previously proposed19'34. However, the number of changes in reactivity in the 3' minor 
domain is slightly inconsistent with this observation (see Figure 4a). A significant portion of 
the changes (64%) observed in the 3' minor domain as a result of the first stage of assembly 
can be attributed to base pairing interactions. This observation might suggest a decrease in 
the dynamic potential of the long penultimate helix upon initiation of the assembly process. 
Also, the assembly of the 3' minor domain may be coupled with that of the 5' domain since 
this domain, or penultimate stem, of 16S rRNA stretches across the body of the 30S subunit 
(formed by the 5' domain of 16S rRNA)20. This idea is consistent with binding sites for S20 
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in both of these domains21 ;24. Nevertheless, the assembly process appears to have a 
directional component that could reflect co-transcriptional assembly in vivo. 
Overall, these studies of 30S subunit assembly have revealed details of 
conformational changes that are unique to specific stages of assembly as well as some 
changes that occur throughout the assembly process. Notably, changes are clustered near the 
junctions between domains of 16S rRNA in the later stages of assembly (Figure 6c and d). It 
is likely that these junction-related events are critical for obtaining a functional orientation of 
the individual domains of the 30S subunit. This late-stage orientation may be a common 
theme in RNP assembly where discrete elements assemble and are then oriented relative to 
one another allowing a functional conformation to be achieved. By investigating 30S subunit 
assembly, details of this critical, concerted, and hierarchical process have been revealed. 
Furthermore, trends that are possibly followed in assembly of other RNPs may have been 
revealed. 
MATERIALS AND METHODS 
In vitro reconstitution of assembly intermediates and 30S subunits. 
Reconstitution A minus buffer (RA-): 20mM K+-Hepes (pH 7.6), 20mM MgCli, 6mM {3-
mercaptoethanol; Reconstitution A plus buffer (RA+): RA- + 330mM KC1. Complexes were 
prepared using 16S rRNA isolated from natural 30S subunits22 and recombinant r-proteins4'5. 
200 pmoles of natural 16S rRNA in RA- were incubated at 42°C for 15 minutes, followed by 
20 minutes on ice prior to complex formation. Two volumes (each containing 40 pmoles) of 
16S rRNA were removed from the reaction mixture to serve as unmodified and modified 16S 
rRNA controls. To the remaining 16S rRNA mixture, a 7-fold molar excess of the primary 
ribosomal binding proteins was added, reaction conditions were adjusted to RA+, and the 
reaction was incubated on ice for 20 minutes. A 7-fold molar excess of the secondary 
ribosomal proteins was next added to the reaction, conditions were adjusted to RA+ and the 
reaction was incubated for another 20 minutes. Three volumes containing the equivalent of 
40 pmoles each of 16S rRNA were removed from the reaction mixture for RI, RI* and 30S 
subunit formation. One remained on ice (RI) and one was incubated at 42°C for 20 minutes 
to form RI*. 30S subunits were formed with the third aliquot upon the addition of a 7-fold 
molar excess of the tertiary ribosomal binding proteins, adjustment of reaction conditions to 
RA+, followed by incubation of the sample at 42°C for twenty minutes. All samples were 
then incubated on ice for twenty minutes. The final concentration of 16S rRNA was adjusted 
to 400nM in RA+ for all reactions and particles were used directly in probing experiments or 
for sucrose gradient sedimentation analysis. Sucrose gradient sedimentation analysis of these 
particles was performed by loading 40 pmoles of sample onto a 10% - 40% sucrose gradient 
containing 50mM Tris-HCl (pH 7), 20mM MgCl2, and lOOmM KC1. Gradients were 
centrifuged for 16.5 hours at 32,000 rpm at 4°C and absorbance was monitored at 254 nm. 
Chemical probing and primer extension analysis of assembly intermediates. 
Chemical probing of 16S rRNA, RI, RI*, and 30S subunits with kethoxal and DMS was 
performed as previously described16'22. All probing reactions were carried out on ice to 
minimize secondary effects. Approximate probing times were: kethoxal, 60 minutes and 
DMS, 120 minutes. Primer extension was performed essentially as described22135. 
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Figure 1. Schematic view of in vitro stages of 30S ribosomal subunit assembly. 
Stage I: primary and secondary r-proteins (S4-S9, S11-S13, S15-S20) bind directly to 16S 
rRNA at low temperature (0°-15°C) to form a stalled Reconstitution Intermediate (RI). Stage 
II: heating (A, 42°C) RI forms the activated intermediate RI* which is competent for further 
assembly. Stage III: after RI* formation, the tertiary r-proteins (S2, S3, S10, S14, S21) are 
able to associate with the complex to form functional 30S subunits in a temperature-
independent step. 
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Figure 2. Sucrose gradient sedimentation analysis of in vitro reconstitution. 
The solid line indicates the position of the reconstitution intermediate (Rl) and the dotted line 
indicates the position of 30S subunits. (a) 16S rRNA: natural 16S rRNA (b) RI: 16S rRNA 
and primary and secondary recombinant proteins incubated at 4°C (c) ARI*: same as (b) but 
incubated at 4°C and shifted to 42°C after Rl formation (d) A30S ribosomal subunits: same 
as (c) but with the addition of tertiary proteins and continued incubation at 42°C. 
Sedimentation is from left to right and absorption is monitored at 254nm. 
a) 
b) 
c) 
d) 
top 
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Figure 3. Primer extension analysis of 30S subunit assembly intermediates. 
Individually probed kethoxal (left, lanes 4-7) and dimethyl sulfate (right, lanes 8-11) particles 
are shown. A and G (lanes 1 and 2): dideoxy sequencing lanes, K (lane 3): unmodified 16S 
rRNA. All other lanes are treated with the indicated probe. 16S: naked 16S rRNA, Rl: 
reconstitution intermediate formed at low temperature in the presence of primary and 
secondary binding proteins, ARI*: intermediate formed by incubation of Rl at 42°C, A30S: 
30S subunits formed by incubating Rl* and tertiary binding proteins at 42°C. Circles denote 
sites of altered reactivity during the first stage (16S rRNA to Rl) and third stage (Rl* to 30S 
subunit) of assembly; changes associated with the Rl to Rl* transition are not marked. For 
changes of reactivity of guanine residues compare lanes 4-7 and for changes in adenine and 
cytosine reactivity, compare lanes 8-11. Primers as follows: a) 161b) 232 c) 480 d) 565 e) 
795 f) 1046 g) 1046 h) 1257 i) 1361 (long) j) 1361 (short) k) 1524. 
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Figure 4. Comparison of nucleotides with altered reactivity that are unique to each of 
the three stages of assembly. 
a) Unique changes in reactivity during Stage I of 30S subunit assembly, thel6S rRNA to 
Rl transition. Changes in modification patterns shown on the secondary structure of 
16S rRNA23. For kethoxal and DMS probing, circles denote the sites of protections, 
while triangles denote enhancement sites. The size of the symbol correlates with the 
intensity of the change. Sites of altered reactivity during the 16S rRNA to Rl 
transition mapped onto the three-dimensional structure of the Thermus thermophilus 
(T. thermophilus) 30S subunit20(middle). 16S rRNA is shown in gray and, for clarity, 
none of the r-proteins are shown. Enhancements are shown as red spheres and 
protections are shown as blue spheres. The size of the sphere correlates with the 
intensity of the change in reactivity. Proteins which appear to play a major role in 
Stage I are shown from the three-dimensional structure of the T. thermophilus 30S 
subunit20 (bottom). 16S rRNA is shown in gray, S4 in cyan, S7 in light blue, S15 in 
black, S16 in magenta, S17 in green, and S20 in dark blue. All tertiary structure 
figures were prepared using Ribbons36. 
b) Unique changes in reactivity during Stage III of 30S subunit assembly, the Rl* to 30S 
subunit transition. Changes in modification patterns shown on the secondary structure 
of 16S rRNA (top) and the three-dimensional structure of the T. thermophilus 30S 
subunit20 (middle). Proteins primarily involved with this stage of assembly are 
indicated20 (bottom). All symbols and colors are as indicated in (a) with S2 shown in 
red, S3 in dark gray, S10 in blue, and S14 in pink. 
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Figure 5. Nucleotides with sustained altered reactivity during successive stages of 
assembly. 
Data are represented as described for Figure 4, although relative intensities are not indicated. 
a) Nucleotides with sustained reactivity during the first two stages of assembly (16S 
rRNA to Rl*) shown on the secondary structure of 16S rRNA (top) and on 16S rRNA 
from the three-dimensional structure of the T. thermophilus 30S subunit20(middle). 
Proteins primarily involved with the first two successive stages of assembly are 
shown from the three-dimensional structure of the T. thermophilus 30S subunit20 
(bottom). 16S rRNA is shown in gray, S4 in cyan, S7 in light blue, S8 in purple, S9 in 
yellow, and S16 in magenta. 
b) Nucleotides with sustained reactivity during the last two stages of assembly (Rl to 
30S subunit formation) shown on the secondary structure of 16S rRNA (top) and on 
16S rRNA from the three-dimensional structure of the T. thermophilus 30S 
subunit20(middle). Those nucleotides which are enhanced during Rl to Rl* and then 
become protected as a result of 30S subunit formation are represented by rectangles 
in the secondary structure and green balls in the tertiary structure. Proteins primarily 
involved with the last two successive stages of assembly are shown from the three-
dimensional structure of the T. thermophilus 30S subunit20 (bottom). All symbols and 
colors are as indicated in Figure 5a with S5 in dark orange, S10 in blue, S14 in pink, 
and S19 in dark green. 
c) Nucleotides with sustained reactivity throughout the course of assembly (16S rRNA 
to 30S subunit formation) shown on the secondary structure of 16S rRNA (top) and 
on 16S rRNA from the three-dimensional structure of the T. thermophilus 30S 
subunit20(middle). Proteins primarily involved with all three successive stages of 
assembly are shown from the three-dimensional structure of the T. thermophilus 30S 
subunit20 (bottom). All symbols and colors are as indicated in Figure 5a. 
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Figure 6. Localization of all data observed during the three stages of assembly. 
a) 5' to 3' linear depiction of 16S rRNA which comprises the major structural domains 
of the 30S subunit (body, platform, head and penultimate stem shown in red, green, 
blue and yellow, respectively). 
b) Schematic depiction of all nucleotides that exhibit altered reactivity during 16S rRNA 
to Rl transition. Data mapped on onto a linear representation of 16S rRNA, shown 5' 
to 3% Enhancements are shown as red spheres (above line) and protections are shown 
as blue spheres (below line). Orientation and data is shown in its approximate 
position on 16S rRNA. 
c) Schematic depiction of all nucleotides that exhibit altered reactivity during the Rl to 
Rl* transition. Data are represented as described for (b). 
d) Schematic depiction of all nucleotides that exhibit altered reactivity as a result of the 
transition between Rl* and 30S subunit formation. Data are represented as described 
for (b). 
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CHAPTER 4: GENERAL SUMMARY 
AND CONCLUSIONS 
SUMMARY 
This course of research ultimately offers an intimate look at how the 30S subunit 
assembles and the specific conformational changes that are likely necessary for this assembly 
to occur. By using natural 16S rRNA and the recombinant r-protein system1,2 to make small 
ribosomal subunit complexes in varying stages of assembly followed by chemical 
modification and primer extension analysis, it has been possible to determine specific 
conformational changes that occur in 16S rRNA during the three stages of the in vitro 
assembly process. When data from this study were examined in the context of previous 
biochemical and structural studies, it was possible to obtain a detailed analysis of these 
changes and determine specific structural adjustments which are necessary for 30S subunit 
assembly to occur. 
The 16S rRNA to Rl transition 
Early assembly events are concentrated in the 5' domain of 16S rRNA and many of 
the nucleotides which exhibit altered reactivity which is unique to the first stage of assembly 
are likely attributable to the association of primary binding r-proteins such as S4, S7 and S15, 
with the bulk of changes due to r-proteins S17 and S20. Notably, secondary binding r-
protein S16 probably plays a critical role in coordinating many events during this first stage 
of assembly. 
The Rl to Rl* transition 
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Examination of the Rl to RP activation step offered some amazing insights toward 
understanding specific conformational changes due to differences in base pairing, or 
association of r-proteins with the complex which must occur to form the functional complex. 
Critical structural changes take place, as evidenced by the formation of all three essential 
pseudoknots during this transition and the formation of binding sites for tertiary r-proteins. 
This transition appears to be significant for establishing binding sites for ligands such as 
tRNA and initiation factors which are critical to the translational process. 
The Rl* to 30S transition 
Many nucleotides which exhibit altered reactivity as a result of the late assembly 
transition can be attributed to specific r-protein association events. The majority of changes 
which are unique to the third stage of assembly are likely due to the association of tertiary 
binding proteins with the RNP. Resulting data from this final stage of assembly is 
exclusively concentrated in the 3' major domain of 16S rRNA. 
30S subunit assembly: the big picture 
Most changes observed throughout the three stages of in vitro assembly agree with 
previous biochemical3,4 and structural5"9 data. The concentration of data in the 5' domain of 
16S rRNA during the early stages of assembly, progressing to the 3' major domain during the 
later stages of assembly suggests a polarity to the in vitro assembly process. These 
observations strongly support the theory of co-transcriptional 30S subunit assembly in vivo. 
There are nucleotides which exhibit sustained altered reactivity throughout the course 
of assembly. Primarily these positions are concentrated in functional regions, such as tRNA 
binding sites. A continuing rearrangement of three key r-proteins (S4, S7 and S16) during 
assembly may account for continued trends in reactivity observed at these positions. It is 
likely that pathways of 30S subunit assembly are established early and these pathways are 
followed throughout the course of assembly. That primary binding r-proteins S4 and S7 and 
secondary binding r-protein S16 are likely involved in many of these changes suggests that 
the assignment of proteins to specific binding groups (primary and secondary r-proteins 
which associate with the RNP during the early stages of assembly; tertiary binding r-proteins 
which associate during the final stages of assembly) may be an oversimplification of the 
complex manner in which r-proteins interact with 16S rRNA and with each other during the 
assembly process. 
Our results suggest that assembly occurs as a concerted orchestration of sequential r-
protein binding events throughout the course of assembly and conformational rearrangements 
and this network of changes is necessary for functional 30S subunit assembly formation. 
While the intent of this research is to engage in a comprehensive investigation of the 
conformational changes that occur in 16S rRNA during 30S subunit assembly, there are 
many more questions answered by the results of this investigation. We have a better 
understanding of RNA folding and RNA-protein interactions and the conformational changes 
associated with these events. Additionally, a more comprehensive link between in vitro 
assembly and specific in vivo cellular events such as rRNA transcription has been obtained. 
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FUTURE DIRECTION 
The results of this work should enable future endeavors to be directed toward 
examining a host of new directions. These might include modification interference studies to 
further dissect the assembly process by determining the roles of specific nucleotides in the 
assembly process. This would be particularly useful for examining those nucleotides whose 
altered reactivity during the assembly process cannot be readily explained by previous 
biochemical (see3'4) or structural (see 5"9) data. Additionally, as a result of these assembly 
studies, future investigations may be able to determine the presence of alternative assembly 
pathways and dissect these pathways in detail. The overwhelming influence of S16 on the 
early events of assembly suggests that these alternate pathways might exist and thus warrant 
further investigation. 
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